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Abstract 

Depression during pregnancy and the postpartum period has been associated with 

deleterious consequences such as preterm birth, low birth weight and less optimal 

scores on neonatal reflexes and behaviour. Pharmacological intervention is often 

advised; however, this in itself has been associated with these outcomes, thus 

creating a treatment dilemma. It is ethically and logistically impossible to carry out 

long-term controlled studies into later effects of early life exposure to 

antidepressants in a clinical population; animal models provide an alternative. The 

present work aimed to investigate the developmental, behavioural and neurochemical 

effects of exposure to the antidepressants amitriptyline and fluoxetine in the rat 

following a variety of exposures: 1) prenatal exposure via maternal administration; 2) 

prenatal and/or postnatal exposure via maternal administration and 3) direct postnatal 

administration; direct administration of clomipramine was also investigated as 

behavioural and neurochemical changes have been seen previously with this drug. 

Administration of the drugs during gestation was not found to result in maternal 

toxicity, as no decreases in body weight were observed. Birth weight was found to be 

decreased following exposure to both drugs via maternal administration and there 

were sporadic alterations in body weight throughout the neonatal period. Direct drug 

administration decreased body weight during the dosing period, but these decreases 

did not endure once drug administration ceased. All drugs had effects on anxiety-like 

behaviour in the elevated plus maze; however these effects were dependent upon 

duration of exposure and age of testing. There were no effects of drug exposure in 

the forced swim test, a model of “behavioural despair” or on spatial learning and 

memory in the Morris water maze. There were transient changes in monoamine 

levels following prenatal exposure to amitriptyline and fluoxetine, but no effects of 

direct administration of any drug were seen on this parameter or on the number of 

tryptophan hydroxylase cells in the dorsal raphe nucleus. A number of sex effects 

were seen, with females exhibiting a delay in acquisition of the surface righting 

reflex, increased locomotor activity in the open field during adulthood and decreased 

immobility in the forced swim test. This research has shown that early exposure to 

the antidepressants amitriptyline and fluoxetine results in transient changes in body 

weight, anxiety-like behaviour and monoamine levels. It is recommended that the 

behavioural profile presented herein be expanded upon in order to better determine 

the extent of behavioural teratogenicity of these drugs. 
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1: Introduction 

 

The prevalence of depression during pregnancy has been estimated at 7.4% in the 

first trimester, 12.8% in the second trimester and 12-17% in the third trimester 

(Bennett et al., 2004; Josefsson et al., 2001).  Prevalence in the immediate 

postpartum period (1-5 days after delivery) has been reported to be 18%, dropping to 

13% 6-8 weeks following delivery, a figure that remained constant 6 months after 

delivery (Josefsson et al., 2001). As some studies have found that suffering from 

depression in these periods impacts negatively on the foetus/child (Abrams et al., 

1995; Allister et al., 2001; Ashman et al., 2002; Cogill et al., 1986; Hammen et al., 

2003; Maki et al., 2003; O'Connor et al., 2002), it is necessary to ensure that the 

mother receives appropriate treatment, usually entailing drug intervention. However, 

these interventions themselves may lead to undesirable outcomes. Thus, a treatment 

dilemma is created, with both condition and treatment impacting in an adverse 

manner on the offspring.  

 

1.1: Risks associated with antidepressant use in pregnancy 

 

A number of guidelines for the risks associated with the administration of 

pharmacological compounds during pregnancy and in the post-partum period have 

been published. Pregnancy category guidelines, which describe the risk of 

teratogenicity of pharmacological compounds, have been published in a number of 

countries, the first of which was in 1978, in Sweden, followed by the FDA categories 

in 1979 and the Australian categories in 1999, all of which are summarised in Table 

1.1 below (adapted from Kallen (1999)). In the FDA categorisation, many 

antidepressants fall into category C; thus, the issue of teratogenicity is one that must 

be considered when prescribing any medication of this type during pregnancy. 

Guidelines for nursing mothers have also been proposed (Gentile, 2007). These 

guidelines recommend that, in order for a comprehensively informed decision to be 

made in regards to a particular antidepressant, incidences of healthy outcomes, as 

well as negative outcomes, must be considered, in the form of what the author has 

termed the Breastfed Infant-Antidepressant Safety Index (BI-ASI). The equation for 

this index is in Figure 1.1. Under this index, a value of ≤2 would allow the cautious 

interpretation that a drug was relatively safe, a value of 2.1-10 would mean that 
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caution should be exercised before prescription during lactation and a value of ≥10 

would render the drug contraindicated in this period.  The author acknowledges that 

a limitation of this approach at present is the lack of data reported in the literature, 

but that this should be overcome when more data become available.  

 

Table 1.1: Pregnancy categories from Sweden, USA and Australia from Kallen 
(1999) 
 

Category Risk 

Sweden  

  

A No known risk 

B1 Human data insufficient- no foetal effects in animal data 

B2 Human data insufficient- incomplete animal data 

B3 Human data insufficient- foetal effects in animal data 
C Pharmacological effects on foetus 

D Causes or is suspected of causing foetal damage in humans 

  

USA  

  

A Controlled studies show no risk 

B No evidence of human risk (controlled studies show no risk or animal 
studies indicate no risk) 

C Risk cannot be ruled out 

D Positive evidence or risk but potential benefit may outweigh potential 
risk 

X Contraindicated in pregnancy 

  

Australia  

  

A-D As in Swedish categories 

X Should not be used in pregnancy 

 

 

Figure 1.1: Breastfed Infant-Antidepressant Safety Index (BI-ASI) from Gentile 
(2007). Springer and Drug Safety, 30 (2), 2007, 107-121, Use of contemporary 
antidepressants during breastfeeding: a proposal for a specific safety index, Gentile, 
S., Equation 1; with kind permission from Springer Science+Business Media B.V.  
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1.2: Challenges in assessing risk in human populations and alternatives 

There are a number of ethical and logistical challenges to assessing risks associated 

with early antidepressant exposure. Historically, pregnant women are excluded from 

clinical trials for new compounds and in some cases; women of child-bearing age are 

also prohibited from taking part in these trials. Thus, in a pregnant population, 

controlled trials cannot be carried out, in which the effects of one dose of a particular 

drug, administered for a specified period of time, along with a long-term follow up 

component can be determined. Animal models are thus used as an alternative in this 

situation.  The rat model is frequently used for teratogenicity studies due to the ease 

of breeding and ability to carry out longitudinal studies into adulthood, as well as the 

production of large litter numbers. However, most preclinical teratogenicity studies 

focus on mortality and gross malformations and so subtle behavioural effects are 

unlikely to be detected.  Some longitudinal studies of antidepressant use during 

pregnancy have demonstrated behavioural deficits later in life (outlined in Table 1.2); 

it is thus necessary to determine the causative effect, if any, of these compounds. It is 

difficult to determine the behavioural effects in later life in a human population due 

to the length of time required for a longitudinal study; in fact the oldest cohort of 

children tested so far that could be found was 7 years of age (Nulman et al., 1997).  

The purpose of this chapter is to review the studies that have been carried out in the 

area of assessment of behavioural and neurochemical changes following early life 

exposure to antidepressants in animal models.  The majority of these studies have 

been carried out in rats. In this species, the ages which correspond to each 

developmental period in humans is known (see Table 1.3), as well as the 

neurological development occurring in each period. An example of this is that the 

early neonatal period in rats corresponds to the third trimester of human pregnancy 

and that there is an increase in the activity of tryptophan hydroxylase (TPH), the 

rate-limiting enzyme for serotonin (5-HT) synthesis, beginning in this period. For 

this reason, studies that have investigated both prenatal and postnatal antidepressant 

exposure/administration are included, in separate sections. However, there are a 

number of different drugs that have been studied previously, as well as varying ways 

in which these drugs have been administered and so it is necessary to discuss these 

variables and how they may impact upon the results found in previous studies. 
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Table 1.2: Studies of prenatal exposure to antidepressants on behaviour in humans  
 
Parameter Drug Effects Reference 

Poor neonatal adaptation/ neonatal withdrawal 
syndrome/abstinence syndrome 

Fluoxetine 
SSRIs 
Paroxetine 
SSRIs  
SSRIs 
SSRIs 
 
SSRIs 
 
 
SSRIs or 
SNRIs 

Increased risk following exposure late in pregnancy 
Present in 5 case studies 
Present in 4 case studies 
Reported in 93 cases (database analysis) 
Present in 30% of infants tested 
Higher incidence in exposed group, but not associated with 
need for specialised care 
Higher incidence in exposed group, either with or without 
combined treatment with clonazepam, compared with control 
group 
Higher incidence in exposed group 

Chambers et al. (1996) 
Nordeng et al. (2001) 
Stiskal et al. (2001) 
Sanz et al. (2005) 
Levinson-Castiel et al. 
(2006) 
Jordan et al. (2008) 
Oberlander et al. (2004) 
 
 
Oberlander et al. (2008a) 

Global IQ, language development, temperament, 
mood, arousability, activity level, distractibility 
and behaviour problems 

TCAs or 
fluoxetine 

No effects Nulman et al. (1997); 
Nulman et al. (2002) 

Motor and speech delays, other motor 
abnormalities 

TCAs or 
SSRIs 

No effects Simon et al. (2002) 

Mental development  
Psychomotor development  
 
 
Behavioural rating scale (BRS) 
 

SSRIs No effects; no correlation with length of exposure 
Poorer in exposed infants;  negative correlation between 
psychomotor development and length of exposure 
Motor ability subsection poorer in exposed infants; negative 
correlation between BRS factor scales: orientation/engagement, 
emotional 
regulation and motor quality 

Casper et al. (2003); Casper 
et al. (2011) 

Neonatal behavioural signs (CNS signs include 
abnormal movement, tonus abnormalities, 
irritability and insomnia) 

SSRIs or 
venlafaxine 

Increased in exposed infants Ferreira et al. (2007) 

Externalising behaviours  
Activity, aggressiveness, attention, and emotion 

SSRIs No effects 
Decreased persistence only in exposed group 

Oberlander et al. (2007) 

Internalising behaviour 
Externalising behaviour 

SSRIs Increased risk in exposed infants 
No effects 

Oberlander et al. (2010) 
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Motor development  at 6 months  
 
Social development  at 6 months 
Motor, cognition and language development at 19 

months 
Attention at 19 months 

All ADs Delays in motor milestone development in infants 
exposed in 2nd or 3rd trimester 
No effects 
No effects 
Significant association between exposure in 2nd or 3rd 
trimester and poorer ability in this parameter 

Pedersen et al. (2010) 

Autism spectrum disorder (ASD) All ADs  Increased incidence of prenatal AD exposure in ASD 
group compared with controls, strongest association in 
1st trimester exposure 

Croen et al. (2011) 

Brazelton Neonatal Behavioural Assessment Scale All ADs No effects seen on any subscale Suri et al. (2011) 

Brazelton Neonatal Behavioural Assessment Scale 
Motor activity 

SSRIs Changes in behavioural state, different behavioural 
states and peak behavioural state decreased in exposed 
infants 
Increased in exposed infants 

Zeskind et al. (2004) 

Serotonergic symptoms SSRIs Increased in exposed infants from day 1-4 of life, no 
effects after 2 weeks 

Laine et al. (2003) 

Facial pain response 
 
 
Heart rate response 

SSRIs Facial reactivity lower in infants exposed prenatally, 
either with or without combined treatment with 
clonazepam; facial reactivity lower in infants exposed 
prenatally compared with controls and those exposed 
prenatally and postnatally 
Heart rate in recovery period lower in infants exposed 
prenatally exposed prenatally, either with or without 
combined treatment with clonazepam; heart rate in 
recovery period lower in infants exposed prenatally 
and those exposed prenatally and postnatally 
compared with controls 

Oberlander et al. (2002); 
Oberlander et al. (2005) 

NICU Network Neurobehavioral Scale (NNNS) SSRIs or SNRIs Exposed infants had increased attention compared 
with those whose mothers had untreated depression 
but not controls, decreased quality of movement and 
increased stress/abstinence signals compared with 
controls and untreated depression. There were no 
effects on any other scale factor 

Salisbury et al. (2011) 

TCAs= tricyclic antidepressants; SSRIs= selective serotonin reuptake inhibitors; SNRIs= serotonin and noradrenaline reuptake inhibitors; AD= antidepressant; NICU= 
neonatal intensive care unit 
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Table 1.3: Comparison of early developmental periods in rats and humans (adapted from Maciag et al. (2006b)) 

Rat age (Days) -20 -10 0 (Birth) 10 20     30 40 50+ 

  Brain mass growth 

      

Brain mass 

growth peak 

      

Adult brain mass 

attained (Rat) 

    Synaptogenesis and glial proliferation 

      

Most extensive synaptogenesis 

development 

    Neurotransmitter development 

      

Blood-brain 

barrier matures 

    

Monoaminergic 

neurons appear 

      Increases in tyrosine and tryptophan hydroxylase activity 

      Monoamine proliferation and subsequent pruning 

Human age (Months) -9 -6 -3 0 (Birth) 3 12 24 36 72 144+ 
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1.3: Antidepressant classes 

 

1.3.1: Previously investigated drugs 

 

The antidepressants that have been studied following early life exposure fall into a 

number of different classes depending usually upon structure or site of action (see 

Table 1.4). Tricyclic antidepressants (TCAs) include amitriptyline, clomipramine, 

desipramine, doxepin, imipramine and the atypical compound iprindole; these drugs 

act mainly as reuptake inhibitors of noradrenaline (NA) and serotonin (5-HT), with 

each drug having different affinities for both transporters. However, they also have 

affinity for other targets such as the 5-HT2A, adrenergic α1, histaminergic H1 and 

muscarinic acetylcholine receptors. The selective serotonin reuptake inhibitors 

(SSRIs) are so called because they inhibit the reuptake of 5-HT and are selective for 

this transporter. This class includes fluoxetine, paroxetine, citalopram, sertraline and 

fluvoxamine. Zimeldine is also an SSRI; however its use has been discontinued due 

to serious side-effects including central and peripheral neuropathy (Fagius et al., 

1985). Drugs such as viloxazine and venlafaxine work not only as reuptake 

inhibitors of 5-HT, but NA as well, although the affinity for viloxazine at the SERT 

is not very high. Neither of these drugs have the affinity for other receptors that 

TCAs possess. The antidepressant reboxetine also works by inhibiting NA reuptake, 

but no studies into the effects of early life exposure to this drug could be found. 

Some drugs exist that block the reuptake of NA and DA, including nomifensine and 

bupropion, although the action of the latter at the NA transporter has not yet been 

conclusively studied and so it is termed an “atypical” antidepressant. Other 

antidepressant drugs inhibit monoamine oxidase (MAO), the enzyme that 

metabolises monoamines, of which there are two subtypes; MAO-A, which is 

involved in 5-HT, NA and DA metabolism and MAO-B, which is involved mainly in 

DA metabolism. Monoamine oxidase inhibitors (MAOIs) include iproniazid, 

isocarboxazid (both of which are non-selective) and selegiline (or deprenyl; which is 

selective for MAO-B). Finally, mianserin and mirtazapine work as antagonists of the 

adrenergic α2, 5-HT2A and 5-HT2C receptors; these antidepressants have a tetracyclic 

structure and are referred to as noradrenergic and specific serotonergic 

antidepressants (NaSSAs). The behavioural effects of all of the antidepressants 

mentioned in this section have been investigated following early life exposure.  
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Table 1.4: Antidepressant drug classes and sites of action. Drugs in bold type have 
been widely studied following early exposure  
 
Drug class Site of action Drugs 

TCA SERT, NAT, DAT; 5-HT, adrenergic, 
histaminergic and muscarinic receptors  

Amitriptyline, clomipramine, 

desipramine, doxepin, imipramine, 
iprindole 

SSRI SERT Fluoxetine, paroxetine, citalopram, 
fluvoxamine, sertraline, zimeldine 

MAOI Monoamine oxidase Iproniazid, isocarboxazid, selegiline 
SNRI SERT and NAT Venlafaxine 
NRI NAT Viloxazine, reboxetine 
NDRI NAT and DAT Nomifensine 
NaSSA Adrenergic α2, 5-HT2A and 5-HT2C receptors Mianserin, mirtazapine  
Atypical NAT, DAT, nicotinic receptors Bupropion 
SSRE SERT Tianeptine 

TCA= tricyclic antidepressant; SERT= 5-HT transporter; NAT= noradrenaline transporter; DAT= 
dopamine transporter; SSRI= selective serotonin reuptake inhibitor; MAOI= monoamine oxidase 
reuptake inhibitor; SNRI= 5-HT and noradrenaline reuptake inhibitor; NRI= noradrenaline reuptake 
inhibitor; NDRI= noradrenaline and dopamine reuptake inhibitor; NaSSA= noradrenergic and specific 
serotonergic antidepressant; SSRE= selective serotonin reuptake enhancer 

 

1.3.2: Drugs used in the present study 

 

In the present study, the effects of early life exposure to the antidepressants 

amitriptyline and fluoxetine were investigated. The pharmacological profile of these 

drugs is presented in Table 1.5. These drugs were chosen for the present research as 

together, they accounted for almost 34% of antidepressant prescriptions in the UK in 

2009 (The Health and Social Care Information Centre, 2011), but still have 

somewhat differing mechanisms of action. Both drugs act as serotonin reuptake 

inhibitors; fluoxetine is selective to this transporter, while amitriptyline also inhibits 

noradrenaline reuptake as well as acting as an antagonist at a number of different 

post-synaptic receptors.  

Serotonin (5-HT) and noradrenaline are monoamine transporters, synthesised from 

the amino acids tryptophan and tyrosine respectively (see figure 1.2). As will be 

outlined in later sections, measurement of synthetic enzymes such as tryptophan 

hydroxylase is often carried out to determine the activity of the monoaminergic 

system following early life antidepressant exposure. Following synthesis, the 

neurotransmitters are packaged into vesicles and released into the synapse, where 

they can then bind to post-synaptic receptors. Following dissociation (removal from 

the receptor), the transmitters are then taken back up into the vesicle by transporter 

proteins and metabolised (see figure 1.3 for a depiction of a serotonergic synapse).  
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Table 1.5: Pharmacological profile of amitriptyline and fluoxetine  
 
 Amitriptyline Fluoxetine 

Structure 

 
 

Empirical 

formula 

C20H23N C17H18F3NO 

Molecular weight 277 309 

Bioavailability 30-60% 60-80% 

Half-life 10-50 hours 24-72 hours 

Metabolism Phase I demethylation in the liver 
mainly by cytochrome P450 (CYP) 
2C19 (Venkatakrishnan et al., 1998). 
Phase II glucuronide or sulfate 
conjugation 

Phase I believed to by N-
demethylation in the liver by 
CYP2D6 or CYP2C9 (Hiemke et 

al., 2000). Phase II glucuronide 
conjugation 

Active metabolite Nortriptyline Norfluoxetine 

Mechanism of 

action 

Inhibitor at serotonin and 
noradrenaline transporters; antagonist 
at 5-HT2A, 5-HT2C, α1, muscarinic 
and H1 receptors 
(http://pdsp.med.unc.edu/kidb.php) 

Inhibitor at serotonin transporter 
(http://pdsp.med.unc.edu/kidb.php) 

 

 

Figure 1.2: Synthesis of monoamines from tyrosine and tryptophan (Goridis et al., 
2002). Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews 
Neuroscience  Nature Reviews Neuroscience, 3, 531-541, copyright 2002 
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Figure 1.3: Serotonergic synapse (Watts, 2005). MAO-A: monoamine oxidase A; 
SERT: serotonin transporter; 5-HT: serotonin; 5-HTR: serotonin receptor; 5-HIAA; 
5-hydroxy-indole-acetic acid (metabolite of serotonin). Reproduced with permission, 
from Watts, 2005, Clinical Science, 108 (5), 399-412 © The Biochemical Society 
 

1.4: Variables to consider in animal studies of early antidepressant exposure 

 

1.4.1: Dose 

 

The International Conference on Harmonisation of Technical Requirements for 

Registration of Pharmaceuticals for Human Use (ICH) have published guidelines on 

detection of toxicity to reproduction (from www.ich.org), in which highest dose 

selection should be based on parameters such as reduction in body weight gain, 

exaggerated pharmacological response and marked increase in embryo-foetal 

lethality in preliminary studies; lower doses should be selected with intervals close 

enough to determine dose-related trends. Thus, the doses that used in these studies 

are may be higher than those that would be employed therapeutically. A challenge 

exists in identifying a pharmacologically relevant dose in animal studies, so that any 

results found can be extrapolated to human exposure in a more valid manner. As this 

chapter includes a wide number of antidepressants, it is not possible to estimate 

where the relevant pharmacological dose for each should lie. As will be discussed 

below, route of administration should be considered, as well as pharmacokinetic 

differences between humans and the animal model to be employed. For example, the 
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oral bioavailability of amitriptyline is 6.3% in the rat (Bae et al., 2009) and 43-48% 

in humans (Schulz et al., 1983; Wong et al., 1996). Thus in the case of this drug it 

must be decided if the dose employed should mimic the prescribed pharmacological 

dose or the amount of drug actually reaching systemic circulation.  

 

1.4.2: Route of administration 

 

In the clinical scenario, antidepressants are usually administered in oral formulations, 

thus for an animal model to mirror this, administration to the mother should be via 

the oral route. As seen in Figure 1.4, this is how the antidepressant was administered 

in almost half of the studies discussed in this chapter. However, for the model to 

truly have face validity in this regard, the drug should be administered orally. It is 

possible however; that studies which have used a parenteral route of administration 

are interested in determining what effects will result from availability of this dose 

without the concern of first-pass metabolism, as discussed in the previous section. 

There is a challenge with neonatal administration as oral administration is 

technically difficult. Also, taking the rat as an example, this period is analogous to 

the third trimester in pregnancy, thus it is difficult to adequately model in utero 

exposure to antidepressants in this trimester as transfer of antidepressants following 

maternal administration in the neonatal period will be via lactation. 

 

1.4.3: Duration 

 

The range of exposure durations in previous studies is presented in Figures 1.5 and 

1.6, as well as in Tables A1 and A2 in the appendices. In some studies of prenatal 

antidepressant exposure, drug administration began prior to mating; however for the 

most part, onset of prenatal exposure tended to be at one of three times- the first day 

of gestation, the end of the first week of gestation or the end of the second week and 

usually continued up until littering. In the rat, the period from the gestational day 

(GD) 1 to GD10 corresponds approximately to the first trimester of human 

pregnancy, while GD10 until littering corresponds to the second trimester (see Table 

1.4). In previous studies, postnatal administration generally began on postnatal day 

(PND) 8, continuing usually until weaning at around PND21, which is roughly 

analogous to the first three postnatal months in humans. However, some studies 
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began dosing at earlier ages, with all of PNDs 1-7 (except PND3) represented in 

previous investigations; an age which corresponds to the third trimester in human 

pregnancy, although in many of these studies drug administration continued until 

weaning age. Two short dosing regimes beginning later in the neonatal period (at 

PND9 and PND12) were also carried out previously.  

 
Figure 1.4: Routes of administration used in previous studies of prenatal 
antidepressant exposure covered in the present chapter 
  

Orally (drinking 
water, gavage, 

intubation, food 
bars)
45%

Osmotic 
mini-pump

11%

Subcutaneous
33%

Intraperitoneal
7%

Not given
4%



  1: Introduction 

13 
 

 

Figure 1.5: Dosing durations during gestation of studies included in this chapter with neurochemical changes occurring during these periods. 
GD= gestational day (References are included in Table A1 in the appendices) 
 



  1: Introduction 

14 
 

 
 

Figure 1.6: Dosing durations during the neonatal period of studies included in this chapter with neurochemical changes occurring during these 
periods. PND= postnatal day (References are included in Table A1 in the appendices) 
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1.5: Effects of prenatal exposure to antidepressants 

 

As the parameters that are examined following prenatal antidepressant exposure vary 

from study to study, they will be evaluated by type of parameter in this section. An 

overview of these studies has been included in Table A3 in the appendices. A 

number of species, drugs, doses, routes of administration and lengths of drug 

exposure have been explored in this area and so all of this information is included in 

this table. As the papers reviewed in this chapter often differ greatly in some (if not 

all) of these parameters, consensus can be difficult to reach, but will be attempted 

when studies are similar enough to allow comparison. 

 

1.5.1: Maternal effects 

 

As the foetus is dependent upon the mother, the indirect effects of prenatal 

antidepressant exposure must be elucidated.  This usually takes the form of 

monitoring maternal weight gain or food consumption, with a number of studies 

investigating the effects of treatment with the antidepressants fluoxetine, venlafaxine 

and paroxetine during the gestational period on these factors. In earlier studies, 

15mg/kg imipramine was found to result in a decrease in weight gain at GD 20 

(Jason et al., 1981); this was also seen following a dose of 10mg/kg, but not 5mg/kg 

(Harmon et al., 1986), although in this latter study, as well as in work by Ali et al. 

(1986), both of these doses were shown to reduce body weight throughout gestation. 

Clomipramine was not shown to have any effects on gestational body weight 

(Montero et al., 1990; Rodriguez Echandia et al., 1983), nor were desipramine, 

nomifensine, deprenyl or clorgyline (Montero et al., 1990).  

Results for fluoxetine have been both dose- and species-dependent. Doses of 12-

16mg/kg have been found, in rats, to reduce maternal body weight and food 

consumption (Byrd et al., 1994; da-Silva et al., 1999; Vorhees et al., 1994), with no 

effects seen following administration of lower doses up to 10mg/kg (Byrd et al., 

1994; Cabrera et al., 1994; Cagiano et al., 2008; da-Silva et al., 1999; Johns et al., 

2004; Montero et al., 1990; Vorhees et al., 1994). In rabbits, effects on body weight 

and food consumption were apparent following lower doses of fluoxetine (2.5 and 

7.5mg/kg), although effects of a higher dose of 15mg/kg/day were more prolonged 

(Byrd et al., 1994). No effects of fluoxetine on maternal weight gain were found in 
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mouse or guinea pig models (Lisboa et al., 2007; Vartazarmian et al., 2005), 

although only one dose level was investigated in each of these experiments. In rats, 

as with fluoxetine, a higher dose of venlafaxine (80mg/kg) was found to decrease 

maternal weight gain and food consumption, which was not seen following 

administration of a lower dose of 40mg/kg (da-Silva et al., 1999). No effects of 

paroxetine were seen on maternal weight gain in the mouse (Rayburn et al., 2000), 

or rat (Van den Hove et al., 2008) although again only single dose levels were 

examined. With regard to the NaSSA drug mirtazapine, when weight was measured 

every three days during gestation, a higher dose (7.2mg/kg) but not a lower dose 

(3.6mg/kg) resulted in a lower percentage weight gain on all weighing days.  

If maternal effects are observed following administration of an antidepressant during 

the prenatal period, adverse outcomes reported in the offspring cannot be attributed 

to direct drug action, as they may result from inadequacies in prenatal nutrition. 

However, absence of maternal consequences will allow the investigator to ascribe 

any offspring deficits to direct drug action. As can be seen from the research outlined 

above, in the majority of cases, antidepressant exposure during gestation had no 

effects on maternal weight gain. However, in experiments where more than one dose 

was used, the higher doses were often seen to reduce maternal weight gain, with the 

exception of fluoxetine in the rabbit, where lower doses had effects on weight gain in 

the early dosing period. Thus, effects of exposure to higher doses of antidepressants 

during gestation may not be attributable to a direct drug effect, but may be due to a 

combination of direct drug effect and indirect drug effect, such as inadequate 

nutrition during gestation. 

 

1.5.2: Mortality rates and foetal malformations 

 

Preclinical toxicology studies of drugs generally include assessments of offspring 

mortality rates and gross malformations when the drug is administered during 

pregnancy. As this thesis focused on behavioural and neurochemical abnormalities 

following early life exposure to antidepressants, only a few findings related to 

mortality and malformations are included here, when these factors were assessed 

alongside behavioural and/or neurochemical endpoints.  

The effects of prenatal exposure to the selective serotonin (5-HT) reuptake inhibitor 

(SSRI) fluoxetine on mortality rates follow a similar pattern to the maternal effects 
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discussed in the last section. In rats, higher doses (10-12mg/kg) resulted in increased 

offspring mortality, whereas lower doses (1-5mg/kg) did not (Cagiano et al., 2008; 

Vorhees et al., 1994). In contrast to these results, Byrd and Markham, in 1994, found 

no effects of either lower or higher doses of fluoxetine on foetal viability, 

morphology or malformations, in either rats or rabbits (Byrd et al., 1994). This study, 

however, examined pups delivered by caesarean sections just before a birth date and 

so offspring mortality could not be elucidated. Also in rats, fluoxetine, at a dose of 

8mg/kg was not found to have an effect on the number of live pups in a litter (Johns 

et al., 2004). No cause of increased mortality was proposed by Cagiano et al. (2008) 

or Vorhees et al. (1994), although the latter described the dose of 12mg/kg as “both 

maternally and developmentally toxic”. Paroxetine in rats was found to have an 

effect on mortality in the neonatal period, with prenatal exposure resulting in a large 

increase in mortality rates in offspring born to mothers both stressed and unstressed 

prenatally, with no effects of stress seen (Van den Hove et al., 2008). The authors 

compare this finding to a human retrospective study in which SSRI use was 

suggested to increase risk of poor neonatal outcomes as a result of either 

serotonergic modulation of placental vascular function or the transport of maternal 

stress hormones across the placenta (Wen et al., 2006). 

Fluoxetine and other SSRIs have also been investigated in mouse models. Fluoxetine 

again produced effects in a dose-dependent manner, with a higher dose (0.8mg/kg) 

resulting in increased mortality, while lower doses (0.3 and 0.6 mg/kg) did not 

(Noorlander et al., 2008). In this study, the effects of fluoxetine on mortality rates 

were found to result from heart failure due to dilated cardiomyopathy, indicating that 

manipulation of the serotonergic system early in life has effects on the cardiac 

system which may be detrimental. As for other SSRIs, paroxetine was found to have 

no effect on number of live pups or facial abnormalities (Christensen et al., 2000; 

Coleman et al., 1999), whereas fluvoxamine had no effect on pup mortality 

(Noorlander et al., 2008). As with maternal effects, only one dose level of each drug 

was employed in these studies and so it is possible that higher doses may produce the 

same effects as those seen with higher doses of fluoxetine. Thus, it can be concluded 

that higher doses of antidepressants are often needed in order to induce increases in 

mortality or gross abnormalities. However, these doses do not mimic the clinical 

scenario. It is possible that the doses employed clinically may have more subtle 

effects, which is why the present work focuses on neurodevelopment and behaviour. 



  1: Introduction 

18 
 

1.5.3: Pup weights 

 

Pup body weight is a parameter that is often measured in studies involving prenatal 

exposure to antidepressants.  As this factor can be extrapolated to the clinical 

scenario, consistencies between human and animal studies can be examined.  As 

body weight can be assessed at any time, the studies included in this section will be 

divided by age group. 

 

1.5.3.1: Birth weight 

 

Some of the first studies carried out in the area of early life exposure to 

antidepressants were on TCAs. Amitriptyline exposure in utero resulted in a 

reduction in birth weight (Henderson et al., 1990), while exposure to doxepin did not 

(Simpkins et al., 1985). Effects of imipramine exposure on birth weight are dose 

dependent, with animals exposed to 5mg/kg heavier at birth, no effects of 10mg/kg 

and reductions following 30mg/kg, the latter in the third week of pregnancy only 

(Ali et al., 1986; Simpkins et al., 1985)  

Studies in rats have found either that fluoxetine exposure prenatally (in the case of 

Lisboa et al., this exposure was continued until weaning) results in lower birthweight, 

(Bairy et al., 2007; Cabrera et al., 1994; Cagiano et al., 2008; da-Silva et al., 1999; 

Vorhees et al., 1994), or birthweight that did not differ from control (or, in the case 

of Byrd and colleagues, foetal weight) (Byrd et al., 1994; Forcelli et al., 2008; 

Fornaro et al., 2007), while no effects on birthweight/foetal weight have been found 

in models using mice (Gouvea et al., 2008; Lisboa et al., 2007; Noorlander et al., 

2008) or rabbits (Byrd et al., 1994). Prenatal paroxetine exposure, in both mice and 

rats, has been shown to decrease pup birthweight (Coleman et al., 1999; Rayburn et 

al., 2000; Van den Hove et al., 2008), whereas fluvoxamine exposure had no effect 

on foetal weight (Noorlander et al., 2008). As is the pattern with maternal weight 

gain and pup mortality, effects on pup birthweight are often seen following higher, 

but not lower drug doses (Bairy et al., 2007; Cagiano et al., 2008; Vorhees et al., 

1994); this was also seen in the case of mirtazapine (Sahoo et al., 2010). A study by 

Da Silva and colleagues in 1999 however, found that exposure to lower, as well as 

higher doses of fluoxetine and venlafaxine prenatally resulted in lower birthweight in 

rats (da-Silva et al., 1999). In human studies, this lack of consensus is mirrored, with 



  1: Introduction 

19 
 

reductions in birthweight seen in some studies (Chambers et al., 1996; Diav-Citrin et 

al., 2008; Dubnov-Raz et al., 2008; Kallen, 2004; Lewis et al., 2010; Malm et al., 

2005; Oberlander et al., 2008a; Oberlander et al., 2008b; Oberlander et al., 2006; 

Simon et al., 2002) and no effects seen in others (Casper et al., 2003; Einarson et al., 

2001; Hendrick et al., 2003a; Jordan et al., 2008; Kulin et al., 1998; Laine et al., 

2003; Lund et al., 2009; Maschi et al., 2008; Nulman et al., 1997; Nulman et al., 

2002; Oberlander et al., 2007; Pastuszak et al., 1993; Simon et al., 2002; 

Sivojelezova et al., 2005; Suri et al., 2007; Wisner et al., 2009; Zeskind et al., 2004). 

However, the spectrum of drugs, doses and times of exposure in these human studies 

vary as widely, if not more, than those seen in animal studies. Few drugs have been 

shown to be without effects on birth weight, thus it is likely there may be 

susceptibility to changes following antidepressant exposure; however, litter size 

should be controlled for in order to ensure that effects seen are not due to variations 

between groups in this parameter. 

 

1.5.3.2: Pre-weaning (neonatal) period 

 

Early studies into the effects of TCAs have shown no effects of prenatal exposure to 

imipramine at a dose of 5 or 10mg/kg on body weight in the neonatal period (Coyle, 

1975; Harmon et al., 1986), but exposure to a higher dose (15mg/kg) led to 

decreased body weight both 1 and 7 days after birth (Jason et al., 1981). However, 

these effects have not been replicated in all studies. Exposure to 5mg/kg of 

imipramine, either throughout gestation or in the final week, resulted in no effects at 

PND7, but increased body weight at PND14 (Fujii et al., 1985), while decreased 

body weight at PND14 with no effects at PND7 or 21, as well as a lack of effect of 

exposure to 10mg/kg imipramine at these ages have also been observed (Ali et al., 

1986). Exposure to a higher dose of imipramine (30mg/kg) in the final week of 

gestation led to reductions in neonatal body weight, with no effects of exposure to 

doxepin throughout gestation (Simpkins et al., 1985). Amitriptyline exposure, 

although having an effect on birth weight, did not lead to any body weight changes 

in the neonatal period (Bigl et al., 1982; Henderson et al., 1990), nor have any 

effects of clomipramine (Rodriguez Echandia et al., 1983) or desipramine (Cuomo et 

al., 1984) been reported. With regards to other drugs, exposure to viloxazine and 

mianserin both resulted in increased body weight from PND3-18, but not at PND21 
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(Cuomo et al., 1984), while exposure to mirtazapine at a dose of 7.2mg/kg but not 

3.6mg/kg decreased body weight at PND3 (Sahoo et al., 2010). 

A number of SSRIs have been investigated for their effects on body weight in both 

the pre-weaning period and in adulthood, with drug- and species-specific results. In 

mice, no effects of fluoxetine or fluvoxamine on body weight have been observed in 

the neonatal period (Lisboa et al., 2007; Noorlander et al., 2008), this result is also 

seen in guinea pigs and rats exposed prenatally to fluoxetine (Cagiano et al., 2008; 

Forcelli et al., 2008; Vartazarmian et al., 2005), whereas paroxetine in mice 

produces decreases in body weight from postnatal day (PND) 1-5 (Coleman et al., 

1999; Rayburn et al., 2000). It should be noted that in all of the above experiments 

on SSRIs, where maternal weight gain was measured, no differences were seen and 

so any differences between drug-exposed and control groups can more confidently 

be attributed to direct drug effects. With the exception of paroxetine, it is difficult to 

reach a consensus on the effects of specific drugs on offspring weight in the neonatal 

period, as there is no common ground between parameters such as species, route of 

administration, drug dose and duration. However, it would seem from the previous 

studies that the majority of both TCAs and SSRIs do not result in detrimental effects 

on body weight in the neonatal period, but once again, litter size should be 

considered as a possible confounding variable. 

 

1.5.3.3: Post-weaning and adulthood 

 

In adulthood, in utero exposure to clomipramine had no effects on body weight at 

PND35, although rats exposed to a dose of 3mg/kg, but  not 10mg/kg had decreases 

at PND87 (File et al., 1983b), while effects of prenatal exposure to imipramine on 

later body weight are dose-dependent, with decreases at PND40 but not PND60 seen 

following exposure to a dose of 30mg/kg in the last week of pregnancy (Simpkins et 

al., 1985) and increases observed after a dose of 5mg/kg either throughout pregnancy 

or in the last week (Fujii et al., 1985). On the other hand, exposure to doxepin in 

utero did not result in any changes in body weight later in life (Simpkins et al., 

1985). Body weight reductions in adulthood have been seen in male rat offspring 

exposed prenatally to fluoxetine (Cabrera et al., 1994; Cagiano et al., 2008; Forcelli 

et al., 2008). This effect was once again dose-dependent, with effects occurring in all 

studies at a dose of 10mg/kg/day, while no effect was seen at a dose of 5mg/kg/day 
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in the study by Cagiano et al. (2008). No effects of fluoxetine were seen on 

adolescent body weight (Cabrera et al., 1994; Cagiano et al., 2008). Prenatal 

fluoxetine exposure produced no body weight reductions in adult mice (Gouvea et 

al., 2008; Noorlander et al., 2008) or guinea pigs (Vartazarmian et al., 2005), while 

decreases in body weight were seen sporadically throughout adulthood in female, but 

not male, mice exposed prenatally to paroxetine (Rayburn et al., 2000). Thus, effects 

of prenatal antidepressant exposure are drug-specific, although it would can be seen 

that most drugs studied produce effects, albeit in a species-, sex- and age-dependent 

manner. In the above studies where effects are found on body weight later in life, no 

effects of the drug on maternal weight were seen. Thus, these effects cannot be 

attributed to nutrition during gestation, but may be as a result of either direct drug 

effects or maternal care in the neonatal period. 

 

1.5.4: Neurodevelopmental effects 

 

Early effects of prenatal exposure to antidepressants can be determined in the 

neonatal period by studying the onset of developmental milestones and reflexes. 

Deficits in the development of these parameters may suggest that there are 

underlying neurological abnormalities present, which may in turn have an impact in 

later life or serve as a precursor for more profound behavioural abnormalities.  

The developmental milestones that can be measured following early exposure to 

antidepressants are incisor eruption, pinna unfolding and eye opening, while the 

principal neurodevelopmental effects that have been investigated in the neonatal 

period include surface righting, free fall righting, negative geotaxis, forelimb grip, 

cliff avoidance, auditory startle, visual placing, homing reflex and swimming 

development.  

Geotaxis is an orientation response which uses gravitational force as the stimulus, 

with negative geotaxis involving the movement away from the centre of the earth 

along the lines of gravitational force (Fraenkel et al., 1961).   Although there has 

been some debate over whether or not negative geotaxis exists in neonatal rodents 

(for a review of this debate, see Motz et al. (2005) and commentary by Kreider et al. 

(2005)), this parameter has been tested in a number of experiments following 

prenatal antidepressant exposure. 
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A number of reflexes which can be measured in the neonatal period are dependent 

upon normal neuromuscular development. The righting reflex involves the pup 

moving from a supine to a prone position, either on a surface or in mid-air, the 

former of which develops before the latter. In the righting reflex, the pup must learn 

to co-ordinate the muscle groups in order to turn over, thus it can be considered a 

measure of neuromuscular development. The forelimb grip test is also 

neuromuscular in nature, as muscle strength is assessed; either by the length of time 

that the animal is able to hold themselves up on a bar or by measuring grip strength. 

Interlimb co-ordination is measured in tests of swimming development (Bekoff et al., 

1979) in which the rat is placed in a pool of water and the movement of the limbs, as 

well as the angle of the rats body and head in the water, is examined. 

The cliff avoidance reflex (Gibson et al., 1960) measures sensory development, as 

the animal is placed with their front paws and nose over an edge of a bench and the 

ability to withdraw from this edge is assessed (by number of withdrawals or time to 

withdraw). The acoustic startle reflex (Hoffman et al., 1963) and homing reflex are 

also sensory in nature as the former involves odour and the latter involves the 

auditory system. Homing behaviour is assessed by removing the pup from the litter 

and measuring how long it takes for the pup to make their way towards the litter. The 

acoustic startle response involves placing the animal in a sound-attenuated chamber 

and measuring the muscular response to an auditory tone, usually as the movement 

of the chamber or pressure against a part of the chamber; this test thus also involves 

neuromuscular development. Visual placing also integrates sensory and muscular 

development, as the animal expects to be placed on a surface that they are 

approaching and so extends their front paws in anticipation. 

Separation from the mother in the neonatal period induces ultrasonic vocalisation, 

which elicits maternal caregiving behaviours (D'Amato et al., 1987). Abnormalities 

in ultrasonic vocalisation can thus also be assessed in the neonatal period. 

 

1.5.4.1: Developmental milestones 

 

Early studies of prenatal exposure to TCAs in rats show that prenatal treatment with 

imipramine led to delays in incisor eruption, while pinna unfolding and eye opening 

were unaffected (Coyle, 1975). However, another later study found that eye opening 

occurred earlier in imipramine-exposed animals (Jason et al., 1981). The difference 
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in outcomes in these studies may be explained by the doses used, with 5mg/kg 

administered in the former and 15mg/kg in the latter. Further support for this dose-

dependent hypothesis can be seen in a study by Fujii et al. in 1985, where no effects 

on eye opening were observed following a dose of 5mg/kg (Fujii et al., 1985). 

Prenatal exposure to another TCA, desipramine, was not found to have any effect on 

pinna unfolding or eye opening (Cuomo et al., 1984), similarly, no effects of 

clomipramine (Rodriguez Echandia et al., 1983) or amitriptyline (Henderson et al., 

1990) on eye opening have been observed.  

With regards to SSRIs, no delays in eye opening or pinna attachment were seen 

following prenatal exposure to fluoxetine (Bairy et al., 2007), whereas in mice, there 

were no effects on anogenital distance at birth or in adulthood (Gouvea et al., 2008). 

Paroxetine in mice had no effects on body length or head circumference from PND1-

5, eye opening or vaginal patency/testis bifurcation (Rayburn et al., 2000). Delays in 

eruption of upper, but not lower incisors were seen following prenatal paroxetine 

exposure in mice (Rayburn et al., 2000), whereas exposure to a higher 

(12mg/kg/day), but not lower (8mg/kg/day) dose of fluoxetine caused a delay in 

eruption of upper and lower incisors in male rat pups, with this delay only apparent 

for upper incisors in female pups (Bairy et al., 2007). Exposure to other classes of 

antidepressant drugs, such as viloxazine and mianserin have not been found to have 

effects on either pinna unfolding or eye opening (Cuomo et al., 1984). 

The delay in incisor eruption is seen across species following TCA and SSRI 

exposure, although as different drugs are used for each species, it is difficult to 

determine if this effect is consistent. In fact, while Bairy et al. (2007) acknowledge 

that the delay in incisor eruption may be due to either central or peripheral 

serotonergic effects, Rayburn et al. (2000) concluded that the delay was short-term 

and did not impair the maturation process. Jason et al. (1981) commented on the 

possible effect on maternal behaviour of gestational drug administration and that this 

may play a role in any deficits in development observed, although the nature of the 

behaviour that may have been affected was not elaborated upon. The general 

consensus is that prenatal exposure to antidepressants does not have any effect on 

pinna unfolding or eye opening, with only one study finding that imipramine had an 

effect on the latter. Other developmental milestones have similarly been unaffected 

by prenatal antidepressant exposure. 
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1.5.4.2: Reflex and emotional development  

 

Effects of prenatal exposure to imipramine on negative geotaxis reflex development 

in rats have not been consistent between studies, with delays in development (Coyle, 

1975) and longer time to complete the task (Jason et al., 1981) seen in some studies, 

while no effect on reflex attainment (Jason et al., 1981) or higher number of drug-

exposed animals turning successfully and completing the task in less time (Ali et al., 

1986) have also been reported. The development of a number of other reflexes 

following imipramine exposure in the prenatal period has also been investigated in 

the rat, with varying results.  

In the surface righting reflex, delays (Jason et al., 1981), or no effects (Coyle, 1975; 

Drago et al., 1985) have been reported. On the other hand, Coyle (1975) reported a 

delay in the development of the cliff avoidance reflex following exposure to 

imipramine, but no such delay was observed in either the Jason et al. (1981) or 

Drago et al. (1985) studies. In an auditory startle test, prenatal imipramine exposure 

has also been shown to reduce response amplitude (Ali et al., 1986) or have no 

effects (Coyle, 1975). No effects of prenatal exposure to imipramine have been 

observed in visual placing, free fall righting (Coyle, 1975), bar holding, forelimb 

placing or forelimb grasping (Drago et al., 1985). A few studies have been carried 

out on the effects of other TCAs in the neonatal period, with effects of clomipramine, 

but not desipramine seen on righting reflex and no effects of either drug on cliff 

aversion, bar holding, forelimb placing or forelimb grasping (Drago et al., 1985). A 

trend towards delays in righting reflex development was also seen in animals 

exposed prenatally to amitriptyline (Henderson et al., 1990). The study by Drago et 

al. (1985) also investigated the effects of prenatal exposure to the MAOIs iproniazid 

and isocarboxazid on reflex development, with effects of both drugs seen on cliff 

avoidance, bar holding and righting reflexes, while animals exposed to isocarboxazid, 

but not iproniazid, had increased forelimb placing and forelimb grasping reflexes. 

Prenatal exposure to clomipramine was not found to have any effects on home cage 

movement or open field behaviours in the neonatal period (Rodriguez Echandia et al., 

1983); these parameters are discussed in more detail in the next section.  

In rats exposed to fluoxetine prenatally, negative geotaxis was improved following a 

higher, but not lower dose at PND8, however, exposure to both higher and lower 

fluoxetine doses then resulted in a deficit in this reflex at PND10 and 12 (Bairy et al., 
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2007). Ultrasonic vocalisation following separation was also increased in a dose-

dependent manner following prenatal fluoxetine exposure (Cagiano et al., 2008). In 

mice, prenatal paroxetine exposure was not found to affect negative geotaxis or 

homing behaviour, although separation vocalisation was increased in male 

paroxetine-exposed pups at PND3 and female paroxetine-exposed pups at PND5 

(Coleman et al., 1999).  

Deficits in negative geotaxis following prenatal fluoxetine exposure in the study by 

Bairy et al. (2007) are described as poor adaptation and compared with a human 

study in which fluoxetine-exposed infants displayed adaptation deficits (Chambers et 

al., 1996); this human study is included in Table 1.2. In terms of emotional 

behaviour, the increase in ultrasonic vocalisations following maternal separation in 

pups exposed prenatally to fluoxetine is hypothesised by Cagiano et al. (2008) to be 

due to a modification in serotonin (5-HT) receptor sensitivity. This effect, as with 

many in these studies, is apparent following a higher, but not lower drug dose. This 

increase in ultrasonic vocalisation following SSRI treatment is mirrored in mice in 

the study by Coleman et al. (1999), albeit with paroxetine, making it difficult to 

draw comparisons. Also, the separation occurred in 10-day-old rats, while in mice 

the testing days were PND3 and 5, with effects seen at the earlier age for males and 

the later age for females. It is thus necessary to determine if this effect is transient by 

testing on more than one day. Homing behaviour is unaffected following SSRI 

treatment in both rats and mice, although again different drugs are assessed in each 

species. Prenatal imipramine was found to decrease beta adrenergic receptors (Ali et 

al., 1986; Jason et al., 1981), which may have contributed to impairments in reflex 

development seen. As noted above, maternal behaviour may also be altered by drug 

administration and is thus a worthwhile behavioural parameter to investigate.  

The determination of consensus in the effects of prenatal exposure to antidepressants 

is difficult, not only due to the fact that a number of different drugs, routes of 

administration and exposure durations are employed, but also because there are a 

number of methodological differences between studies. Taking surface righting as an 

example, investigators have scored either (or both) the day that the reflex was 

attained and/or the time on a specific day to attain the reflex. Within these, different 

criteria for what constitutes reflex attainment for the former and different testing 

days for the latter add another layer of experimental differences which render 

comparison between studies difficult. TCAs have all been shown to lead to delays in 
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some, but not all tests of reflex development, with effects not reproduced across 

studies; SSRIs have been seen to have more detrimental effects than not. Lack of 

effects may be due to differences in methodology and it is thus possible that 

antidepressants have negative consequences on development of reflexes.  

 

1.5.5: Behaviour in adolescence and adulthood 

 

In laboratory animals, longitudinal studies can be carried out to determine if 

behavioural effects endure beyond the neonatal period. As adulthood in the rat 

begins from about PND56, these longitudinal studies can be performed in a 

relatively short period of time.  The spectrum of behavioural tests possible in rodent 

models is quite vast; thus the studies carried out in this area will be divided by types 

of test. 

 

1.5.5.1: Locomotor tests 

 

Assessment of locomotor activity can be carried out in a familiar environment such 

as the home cage, or a novel arena such as the open field, either as baseline 

measurements or in response to induction of disease models or drug challenges. 

Locomotor tests are used to inform experimenters of a number of facets of animal 

behaviour. The simplest of these is locomotor activity, wherein the distance moved 

of the animal in an arena is measured; the use of this test in a novel environment was 

first developed by Hall (1936) as being indicative of emotionality in the rat. 

Reductions in locomotor activity, such as that seen following lipopolysaccharide 

(LPS) administration, may be indicative of sickness behaviour (Shen et al., 1999). 

Measurement of locomotor activity in certain zones such as the centre of an open 

field or in more complex arenas such as the elevated plus maze may be used to 

determine parameters like motivation and anxiety. Regarding drug challenges, recent 

research from our lab has shown that amphetamine, which increases synaptic levels 

of the monoamines dopamine, noradrenaline and serotonin, increases locomotor 

activity across a range of rearing and housing conditions, as well as in both sexes 

(Simpson et al., 2012a; Simpson et al., 2012b; Simpson et al., 2012d). Alternatively, 

reserpine, which depletes monoamines, has been shown to reduce locomotor activity 

(Ismayilova et al., 2006). 
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As with other areas of investigation, early studies into the effects of prenatal 

exposure to antidepressants on locomotor activity have focused on the TCAs, with 

varying effects dependent upon drug, dose and age of testing.  In the open field, 

prenatal exposure to imipramine was without effect on locomotor activity at any age 

tested (Ali et al., 1986; Coyle, 1975; Drago et al., 1985), although locomotor 

responses to d-amphetamine challenge were increased following exposure to a lower, 

but not higher, dose of imipramine in male rats in the post-weaning period (Ali et al., 

1986). Upward responses (which consisted of head-lifting, half-rearing and rearing), 

were seen to be decreased in the neonatal period (Coyle, 1975), but no effects on 

rearing were seen in adulthood (Drago et al., 1985). Following prenatal 

clomipramine exposure, line crosses/ambulation and rearing were reduced in 

adolescence (File et al., 1983b) but not adulthood (Drago et al., 1985), while a 

consensus was not reached for effects of prenatal desipramine exposure with 

increases in locomotor activity (Cuomo et al., 1984) and no effects (Drago et al., 

1985) being reported. In experiments investigating locomotor activity following 

prenatal amitriptyline exposure, spontaneous activity was increased at PND30 during 

the dark phase of the light/dark cycle, but not PND60 (Henderson et al., 1990), while 

in younger animals in the open field, locomotor activity was decreased at PND8 and 

21, but not PND15 (Bigl et al., 1982).  

Coyle (1975) suggested that the lack of effect of prenatal imipramine on adult 

behaviour may have resulted from the development of compensatory mechanisms 

before adulthood. As will be described in most sections, the majority of authors 

propose that monoaminergic alterations, with 5-HT in particular, may lead to 

behavioural deficits following antidepressant exposure. Bigl et al. in 1982 found 

some neurotransmitter changes post-mortem and hypothesise that effects could be 

due to reductions in 5-HT turnover in a still immature system. Taking both of these 

hypotheses together, it is possible that TCAs may affect serotonergic signalling early 

in life and result in locomotor alterations in the neonatal period, but that 

compensatory mechanisms may cause these effects to disappear by adulthood. 

In studies using either rats or mice, the general consensus is that there is no effect of 

prenatal exposure to SSRIs on locomotor activity in the home cage at weaning or 

during adulthood (Cagiano et al., 2008), in the open field during adulthood 

(Noorlander et al., 2008; Vorhees et al., 1994), or on forepaw treading and hind limb 

abduction following challenge with the serotonergic agonist 5-MeO-DMT in 
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adulthood (da-Silva et al., 1999). However, in the Noorlander et al. (2008) study, 

prenatal exposure to fluoxetine did result in decreased locomotor activity in the 

centre of the open field arena. 

Some studies however, revealed that prenatal fluoxetine exposure resulted in 

abnormalities in open field behaviour. In mice exposed throughout gestation and 

lactation, ambulation was decreased in males at PND40, but not PND70, with no 

effects in females (Lisboa et al., 2007) while in rats exposed prenatally, locomotor 

activity was increased at the preweaning stage and decreased in adolescence 

following both lower (8mg/kg) and higher (12mg/kg) doses of fluoxetine, with 

decreases in locomotor activity in adulthood observed following a higher dose (Bairy 

et al., 2007). In the latter study, rats treated prenatally with fluoxetine showed 

improvements in the rotarod test (a test of balance and co-ordination in which the 

animal must remain on a rotating horizontal bar) at weaning following a higher dose 

and during adulthood following both lower and higher doses. In the study by Lisboa 

et al. (2007), fluoxetine exposure via maternal administration continued until 

weaning, whereas in the other studies, exposure was just during gestation. The 

effects of prenatal exposure to SSRIs on locomotor activity in the study by Bairy et 

al. (2007) are hypothesised to be due to increased cortical 5-HT concentration 

leading to a failure of cytoarchitectonics of these neurons, thus having an inhibitory 

effect over motor neuronal development. This hypothesis was based on a study by 

Cases et al. (1996), in which MAO-A knock-out mice are shown to have altered 

neuronal arrangement in the somatosensory cortex. The effect of fluoxetine on 

locomotor activity is transient at a lower dose, occurring up to the adolescent stage, 

but lasts longer following a higher dose. The mouse model used in the experiment by 

Lisboa et al. (2007) agrees with the Bairy et al. (2007) rat study in the adolescent 

period, but not in adulthood, which may be due to the fact that only one dose 

(7.5mg/kg) is used in the former. Thus, a higher dose of 12mg/kg may produce 

results which endure even though Lisboa et al. (2007) continued dosing mothers 

until offspring were weaned, while dosing in the study by Bairy et al. (2007) 

occurred only during gestation. In the paper by Lisboa et al. (2007), it is 

hypothesised that increased 5-HT may lead to altered brain structure or 

downregulation of 5-HT receptors, in particular the 5-HT1A receptor. These receptors 

are believed to play a role in depression and anxiety, the tests of which are discussed 

in the next section. Cagiano et al. (2008) also hypothesise that any behavioural 
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effects may be as a result of modification of 5-HT receptor sensitivity, based on a 

previous finding that there was a reduction in hypothalamic 5-HT2A/2C receptors in 

rats exposed in utero to fluoxetine (Cabrera et al., 1994) . 

The lack of effects found in other studies could be due to measurement taking place 

in the home cage (Cagiano et al., 2008) or dark environment (Vorhees et al., 1994), 

or the use of low drug doses (Noorlander et al., 2008). In early adolescent rats 

(PND25), prenatal exposure to a number of antidepressant agents had effects on 

open field locomotor activity, with decreases seen following clomipramine, iprindole  

and mianserin exposure; and increases observed following nomifensine exposure 

(De Ceballos et al., 1985a). In the same study, apomorphine-induced locomotor 

activity was enhanced following prenatal exposure to clomipramine, iprindole and 

nomifensine, but not mianserin. The authors suggest that dopaminergic involvement 

in the mechanisms of action of antidepressant drugs may contribute to effects on 

locomotor activity as enhanced agonist affinity of DA receptors was found in this 

study. In adult rats in the beam traversing test, which also measures locomotor skills, 

no effect of prenatal fluoxetine exposure was found on time to traverse or traversing 

errors (Capello et al., 2011).  

A number of studies have investigated locomotor behaviour following prenatal 

exposure to non-SSRI or TCA antidepressants. The MAOI isocarboxazid reduced 

ambulation and rearing in the open field, while another drug in this class, iproniazid, 

had no effects (Drago et al., 1985). Viloxazine, a noradrenaline reuptake inhibitor, 

was found to increase locomotor activity in females only, in the post-weaning period, 

while mianserin, a noradrenergic and specific serotonergic antidepressant, had the 

same effects as viloxazine, but in both sexes. Neither drug had any effect on 

locomotor activity in adult animals (Cuomo et al., 1984).  

Thus, in order for valid comparisons with previous studies, testing should ideally be 

carried out at more than one age in order to encompass different developmental 

periods, which may themselves have an effect on locomotor activity. 

 

1.5.5.2: Tests for anxiety and depressive-like behaviours 

 

The mechanism of action of many antidepressants is manipulation of the 

monoamines noradrenaline and 5-HT.  These neurotransmitters have been implicated 

in both depression and anxiety disorders and so it can be postulated that 
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manipulation of the monoaminergic system early in life may impact upon 

behavioural tests which model these disorders. The elevated plus maze is a 

commonly used model of anxiety, in which entry into and time spent on open arms is 

indicative of anxiolytic behaviour. Exposure to fluoxetine had no effect on open arm 

parameters in either rats or mice in this test (Bairy et al., 2007; Forcelli et al., 2008; 

Lisboa et al., 2007). In mice, time spent in closed arms increased at weaning 

following prenatal exposure to fluoxetine or fluvoxamine, with increases persisting 

into adulthood for fluoxetine exposure (Noorlander et al., 2008); no results 

pertaining to open arm parameters were presented in this study. This effect on closed 

arm time was not seen in mice exposed throughout gestation and lactation to 

fluoxetine (Lisboa et al., 2007) or rats exposed prenatally to fluoxetine (Forcelli et 

al., 2008). Total arm entries were reduced in adolescence following prenatal 

fluoxetine exposure (Forcelli et al., 2008), although no effects were seen on 

ambulation in another study (Noorlander et al., 2008).  This discrepancy in 

exploratory activity may be explained by the fact that rats were used in the former 

study, while mice were used in the latter. However, the closed arm parameters in 

Noorlander et al. (2008) and Lisboa et al. (2007) are both assessed in mouse models 

and so cannot be ascribed to species differences. Instead, these may be attributed to 

differences in dosing regimes (intraperitoneally for 10 days of gestation in the former, 

orally throughout gestation and lactation in the latter). Another antidepressant, 

mirtazapine, was found to reduce time spent and entries into the open arm in the 

elevated plus maze at a higher, but not lower dose (Sahoo et al., 2010). Thus, this 

compound is the only one seen to have any effect on elevated plus maze open arm 

parameters; effects on closed arm parameters have been dependent upon species and 

duration of antidepressant exposure. There was no consensus reached for effects on 

locomotor activity in the elevated plus maze. Other tests of anxiety-like behaviour 

are the defensive withdrawal test, in which animals are placed into a novel tube, 

open at one end and time spent in the tube before exiting is assessed, with prenatal 

exposure to fluoxetine not found to have any effect in rats in this test (Capello et al., 

2011) and novelty-suppressed feeding, in which wild-type mice, but not those 

lacking the 5-HT3A receptor subunit, exposed in utero to fluoxetine had increased 

latency to feed, but no differences in weight loss, time spent feeding or food 

consumption (Smit-Rigter et al., 2012). 
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As effects are seen in the forced swim test following subacute administration of 

antidepressants, it cannot be considered a true model of depression, rather, it is a 

model of antidepressant efficacy. However, immobility in the forced swim test may 

be considered a “depressive-like” behaviour, or behavioural despair. Early exposure 

to fluoxetine resulted in increased immobility time in female, but not male mouse 

offspring in both adolescence and adulthood (Lisboa et al., 2007), while paroxetine 

did not have any effects in adulthood (Coleman et al., 1999). The differences in 

effects may be due not only to different drugs, but also to different exposure times, 

namely throughout gestation and lactation (Lisboa et al. 2007) or from two weeks 

before to the end of gestation (Coleman et al. 1999). Other differences in these two 

studies include mouse strain (CD-1 versus Swiss mice) and age of testing, with the 

animals in the fluoxetine study tested at PND30 and 70, while those in the paroxetine 

study were tested at PND90. 

Some of these studies have also investigated post-mortem parameters, with 

decreased SERT binding or SERT-like immunoreactive cells found in the raphe 

nuclei (Forcelli et al., 2008; Noorlander et al., 2008), which would indicate that 

modifications in the serotonergic system may play a role in anxiety and depressive-

like behaviours seen in a number of experiments. Sahoo et al. (2010) also suggest 

that behavioural deficits may be due to changes in the SERT following prenatal 

antidepressant exposure. 

 

1.5.5.3: Tests of learning and memory 

 

As with other behavioural tests, discrepancies exist in the effects of prenatal 

antidepressant exposure on learning and memory later in life. In rats, prenatal 

fluoxetine exposure was found to improve learning and memory, with decreased 

time taken to escape to the platform in a Morris water maze during adolescence and 

increased latency to enter the dark, aversive-stimulus-paired compartment in the 

retention trial of a passive avoidance test at PND44 (Bairy et al., 2007). This effect 

was dose-dependent, with effects seen at 12mg/kg/day, but not 8mg/kg/day. Other 

studies however, have found no effects of this drug on spontaneous alternation, 

passive avoidance retention trial responses, Cincinnati maze or active avoidance 

responses in adulthood (Cagiano et al., 2008; Vorhees et al., 1994). One effect of 

prenatal fluoxetine observed was an increase in dark side approach latency in the 
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acquisition trial of the passive avoidance test (Cagiano et al., 2008). No effects of 

prenatal paroxetine exposure were observed in a tube runway task during 

adolescence or adulthood or any parameters in the Morris water maze, Cincinnati 

maze or passive avoidance test, all of which were tested in adulthood (Christensen et 

al., 2000). Sahoo et al. (2010) reported that animals exposed to a higher, but not 

lower dose of mirtazapine took longer to escape to the platform in adolescence but 

not adulthood. The lack of effects in Cagiano et al. (2008) may be due to drug dose, 

which at a highest dose of 10mg/kg/day, may not be sufficient to induce the changes 

in learning and memory seen in the study by Bairy et al. (2007).  However, Vorhees 

et al. (1994) did not find any effects on learning and memory of prenatal exposure to 

fluoxetine, up to a dose of 12mg/kg/day. It is worth noting that the inconsistencies 

between results found for the passive avoidance test in this study and that carried out 

by Bairy et al. (2007) cannot be explained by differences in species, drug dose, route 

of administration, length of exposure or age of testing, all of which are similar 

between the two studies. A minor difference in these experiments is strain of rat used, 

while the major differences are time between acquisition and retention trials and 

length and amplitude of shock. In the Vorhees et al. (1994) study, the retention trial 

occurs 72 hours after acquisition, with a 0.9mA shock for 1 second, while the time 

difference is only 24 hours in the Bairy et al. (2007) experiment, coupled with a 

1mA shock for 2 seconds. It may be suggested that in the former study, the time that 

has elapsed is too long to allow memory of a weaker aversive stimulus. However, the 

time taken for control animals to enter the dark compartment is less after 24 hours 

than after 72 hours, indicating that the control animals in the Bairy et al. (2007) 

study find the dark compartment less aversive than those in the Vorhees et al. (1994) 

study. 

It is not possible to conclusively compare the work carried out by Christensen et al. 

(2000) with any of the other studies, as the drug and species used differ. With regard 

to TCAs, no effect of prenatal exposure to imipramine on spontaneous alternation at 

weaning or in adulthood, swimming ability in a straight alley or training errors in a 

swimming maze were observed (Coyle, 1975). The lack of effect of imipramine in 

the straight alley was also found in another study by the same group (Coyle et al., 

1975a). In this study, rats exposed prenatally to imipramine made more testing errors 

in a swimming maze and took longer to reach the goal box in a Henderson-type 

maze, but only following rearing in an enriched environment. In a study examining 
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the effects of exposure to imipramine, desipramine or clomipramine, as well as the 

MAOIs iproniazid and isocarboxazid, all of the drugs were found to inhibit active 

avoidance responses in adult rats (Drago et al., 1985). As with other sections, 

authors hypothesise that alterations to the serotonergic system may contribute to 

behavioural changes (Cagiano et al., 2008; Lisboa et al., 2007; Sahoo et al., 2010), 

while as discussed earlier, Coyle (1975) comments on the possibility of 

compensatory mechanisms coming into play before adult testing occurs. 

Thus, from the body of work carried out in the area of prenatal antidepressant 

exposure and learning and memory in later life, it can be seen that few cognitive 

deficits have been observed, with impairments limited to active avoidance tests and 

other effects, if any, indicating improvements in learning and memory. 

 

1.5.5.4: Tests of sexual and aggressive behaviour 

 

Neonatal clomipramine administration, which will be discussed in the next section, 

is a model of depression which results in decreased sexual and aggressive behaviour. 

Thus, it can be postulated that early exposure to compounds which alter 

monaminergic transmission may modify these behaviours. Regarding sexual 

behaviour, exposure to a higher, but not lower, dose of clomipramine during 

gestation results in increased number of intromissions before first ejaculation in 

Syrian hamsters (Boscarino et al., 2002), while in rats, no effects on sexual 

behaviour were seen following treatment with the TCAs imipramine, desipramine or 

clomipramine or the MAOIs iproniazid or isocarboxazid (Drago et al., 1985).  

No effects of prenatal fluoxetine exposure were seen on sexual behaviour in rats 

(Cagiano et al., 2008), or copulatory behaviour in mice (Gouvea et al., 2008). In 

mice however, a sexual incentive motivation test was carried out and animals 

exposed prenatally to fluoxetine did not discriminate between a social zone 

(containing a male) and a sexual zone (containing a female), while control animals 

spent significantly more time in the sexual zone, indicating a deficit in sexual 

motivation (Gouvea et al., 2008).  

Boscarino et al. (2002) postulated that, in guinea pig dams, a dose of 60mg/kg/day is 

not sufficient to produce effects across all sexual behaviour parameters in the pups, 

possibly as an inadequate concentration of the drug crosses the placenta, or possibly 

that the prenatal phase falls before the critical period targeted in neonatal 
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clomipramine studies, which is outlined in the next section.  The decrease in sexual 

motivation, without impairments in copulatory behaviour in mice was likened by 

Gouvea et al. (2008) to reduced libido seen following SSRI treatment in humans and 

is suggested to be caused by decreased 5-HT2 receptor-mediated serotonergic 

transmission, although the authors do not suggest which 5-HT2 receptor subtype may 

be responsible.  

Aggression can be measured with the resident-intruder test, where a new animal is 

introduced to a singly-housed animal’s territory. In mice, no significant effects of 

prenatal (along with postnatal) fluoxetine were seen on total number or duration of 

attacks, although the drug-exposed resident animals displayed a tendency towards 

increased latency to first attack on the intruder (Lisboa et al., 2007). The authors 

explain that number and duration of attacks are indicative of aggression, while 

latency to first attack is considered to be a measure of reactivity or impulsivity. Thus, 

prenatal (with postnatal) fluoxetine exposure decreased impulsivity in adulthood, 

while having no effect on aggression. Effects of prenatal exposure to clomipramine 

on parameters in the resident-intruder test were dependent upon both the age of the 

animals and whether they were residents or intruders. No effects were seen when 

young drug-exposed animals were residents, increased sniffing behaviour, but not 

aggressive behaviour when young drug-exposed animals were intruders and no 

effects seen in adulthood (File et al., 1983b). Thus it can be stated that prenatal 

exposure to antidepressant drugs does not result in changes in aggressive behaviour. 

 

1.5.5.5: Other tests 

 

In rats, interaction in both enriched and social environments has been shown to be 

affected by prenatal exposure to TCAs, with rats exposed to imipramine and housed 

in an enriched home cage environment displaying less sniffing and interaction with 

the environment and more lying down (Coyle, 1975), while clomipramine has been 

shown to increase social interaction in an unfamiliar environment and decrease it 

over time in a familiar environment (File et al., 1983b). Part of this finding was 

replicated in a later study by the same group, as increased social interaction was seen 

in an unfamiliar environment (File et al., 1984), but, as this later study did not divide 

the testing session into time bins, it is not possible to see if the decrease in social 

interaction over time seen in the earlier study was reproduced. When divided by sex 
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and age, prenatal exposure to clomipramine resulted in decreased sniffing, rubbing 

and mounting in young adult males with no effect in females or older animals 

(Rodriguez Echandia et al., 1983). In this study, the effects of clomipramine 

exposure during the neonatal period and gestational and neonatal periods combined 

were also examined, but these will be included in the next section. 

The effects of clomipramine on head dipping in the hole board test have also been 

investigated, with only effects on habituation seen in adolescent males in an earlier 

study (File et al., 1983b), while higher, but not lower doses of clomipramine led to a 

decrease in the time spent head dipping in holes with objects, with no effects in 

females or in head dips into holes without objects in a later study (File et al., 1984). 

In a study involving exploration of a familiar or novel runway environment 

following prenatal, neonatal, or exposure during both periods to clomipramine (the 

latter two of which are described in the next section), there was an increase in 

digging and grooming, but not rearing, sniffing or gnawing in a familiar environment 

in adolescent rats following prenatal clomipramine exposure, with a similar profile, 

minus effects on grooming in adult animals (Rodriguez Echandia et al., 1983). In the 

novel environment, results were sex-specific, with none seen in females, while 

young adult males had lower time exploring the runway, emergences onto the 

runway and rearing frequency on the runway, with older rats showing similar effects, 

but none on emergences onto the runway.  

Responses to drug-induced effects in adulthood following TCA exposure have also 

been examined. Prenatal exposure to amitriptyline was not found to induce any 

differences in catalepsy responses to the antipsychotic haloperidol during 

adolescence or adulthood (Henderson et al., 1993), while chlorpromazine-induced 

thermal responses in adulthood were affected by prenatal imipramine exposure, with 

decreases in control males and females, increases in male rats exposed to imipramine 

and decreases in female rats exposed to imipramine (Fujii et al., 1985). In this last 

study, basal body temperature was also affected by prenatal drug exposure, with 

decreased temperature seen in males and increases seen in females early in adulthood 

and an overall decrease in body temperature later in adulthood. The deficits in 

thermoregulation have been proposed by the authors to be due to possible 

disturbances in 5-HT or noradrenaline receptor sensitivity. 

In rats exposed prenatally to fluoxetine, time spent in a cocaine-paired compartment 

in a place conditioning test during adulthood was increased, as well as increased 
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response rates in the extinction trial of a cocaine self-administration test seen when 

compared with the last day of an acquisition period while no effects on cocaine self-

administration during this acquisition period were observed (Forcelli et al., 2008). 

Neither prenatal fluoxetine (Vorhees et al., 1994) or clomipramine (File et al., 1984) 

exposure were shown to affect overall acoustic startle in rats, although the latter did 

produce some day- and sex-dependent changes, with decreases seen in drug-exposed 

animals on one day of testing and a reduced startle response in rats treated with a 

lower dose of clomipramine and an increased startle response in those exposed to a 

higher dose, in females only. The effects of prenatal exposure to a number of 

different antidepressants on the 5-HT syndrome induced by administration of both 

clorgyline (a MAOI) and 5-hydroxytryptophan (5-HTP, the precursor to 5-HT) were 

assessed in a study by De Ceballos et al. in 1985. Symptoms of 5-HT syndrome 

include head twitches, resting tremor, hind-limb abduction and forepaw-treading and 

were decreased by prenatal clomipramine exposure, exacerbated by prenatal 

exposure to iprindole and mianserin and unaffected by nomifensine (De Ceballos et 

al., 1985b). The different effects of each of these drugs have been attributed by the 

authors to their varying effects on the serotonergic system, as clomipramine has high 

activity at the SERT, with lower or no activity exhibited by the other drugs.  

In guinea pigs, thermal pain threshold, measured using the hot plate, was increased 

in fluoxetine-exposed guinea pigs in adulthood, with no effects on acoustic startle 

response or prepulse inhibition to startle, when compared with a vehicle group, 

although both fluoxetine and vehicle-exposed animals showed increased prepulse 

inhibition when compared with untreated animals (Vartazarmian et al., 2005).  The 

antinociceptive effect seen in this study has been suggested by the authors to be due 

to the analgesic effects of enhanced 5-HT, but note that as the experimental 

procedure involved surgery to implant an osmotic minipump, effects may be 

confined to these experimental procedures. In parallel to this conclusion, fluoxetine-

exposed mice did not differ from controls in thermal pain threshold (Lisboa et al., 

2007), while in the novelty-suppressed feeding test, a dose-dependent effect of 

fluoxetine on increase in latency to feed in a novel arena, but not the home cage was 

seen, with no effects of fluvoxamine exposure in either of these arenas (Noorlander 

et al., 2008).  

There have been a number of suggestions as to the possible underlying mechanisms 

for behavioural deficits following prenatal antidepressant administration. Many of 
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the behavioural tests discussed above have been carried out in conjunction with post-

mortem investigations. The results of each are not proposed as a definitive 

aetiological factor, but all may be taken together to piece together the puzzle of 

enduring abnormalities so far removed from drug exposure. Animals displaying 

reduced responsiveness to an enriched environment have also been found to have 

less cortical thickness (Coyle et al., 1975b), while decreased SERT-like 

immunoreactive cells in the raphe and cell counts in the nucleus accumbens have 

been seen in animals with altered response rates in drug self-administration, pointing 

towards the possibility that prenatal antidepressant exposure lead to dysregulation of 

brain reward structures and functions (Forcelli et al., 2008). Other researchers 

propose that downregulation of beta adrenoceptors and 5-HT2 receptors in the 

cerebral cortex may be indicated in behavioural changes (De Ceballos et al., 1985b). 

 

1.5.6: Post-mortem effects 

 

In order for mechanisms of action of behavioural changes to be determined, many 

studies into the effects of prenatal antidepressant exposure also examine post-

mortem endpoints, which are outlined in this section. The endpoints measured in 

these studies were both central and peripheral and so are divided as such.  

 

1.5.6.1: Central effects 

 

As most antidepressants work by increasing synaptic monoamine levels, it is 

reasonable to propose that early exposure to these compounds would result in 

changes in monoamine levels, which may persist throughout life. Earlier studies 

have investigated the TCAs. No effect of prenatal (along with postnatal) exposure to 

imipramine was seen on adult noradrenaline concentrations or depletion rates of this 

neurotransmitter following synthesis blockade with α-methyl-p-tyrosine (Tonge et 

al., 1973). Levels of noradrenaline have also been shown to be unaffected by in 

utero imipramine exposure in neonatal animals (Ali et al., 1986; Jason et al., 1981), 

as are dopamine levels (Jason et al., 1981), although this transmitter is reduced at 

PND30 following prenatal drug exposure. Prenatal exposure to amitriptyline has 

age-specific effects in the neonatal period, with decreases in 5-HT seen at PND1 and 

in adulthood but not at PND8, the only age at which 5-HIAA was increased (Bigl et 
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al., 1982). Age-dependent effects of in utero amitriptyline exposure are also seen in 

a study by Henderson et al. (1993), with no effects seen at PND30 or 180, but 

reductions in levels of both 5-HT and 5-HIAA in the striatum at PND60. In this 

latter study, the effects of amitriptyline are not discussed separately, as this drug was 

used as a comparator for elucidating the mechanism of action of effects of prenatal 

exposure to cocaine.  

In rats, prenatal fluoxetine exposure was found to reduce 5-HT content in the frontal 

cortex just after weaning (at PND26), with reductions in midbrain 5-HT content in 

adulthood (Cabrera-Vera et al., 1997), but no effects were seen in other brain regions 

at either age. In this experiment, reduction of 5-HT content by p-chloroamphetamine 

(PCA) administration was seen to be unaffected by prenatal fluoxetine exposure in 

any brain region in adolescence, but magnitude of reduction of 5-HT content was 

less in the midbrain, but not any other brain region, of fluoxetine-exposed animals in 

adulthood. However, in this study, no effects were seen on 5-HIAA (a 5-HT 

metabolite), dopamine or noradrenaline levels, or 5-HT turnover at either age. The 

effects on 5-HT levels seen in the experiment by Cabrera-Vera et al. (1997) occur 

independently of 5-HT transporter (SERT) changes, as no effects on this density of 

this reuptake site were found, and are suggested to be attributable to decreased 5-HT 

synthesis, as no differences were seen in 5-HIAA levels. Also, the authors 

acknowledge that gross regions were examined and so changes in discrete regions 

may have been overlooked.  The absence of PCA effects in the frontal cortex is 

suggested to be due to the activity of midbrain 5-HT transporters or a decrease in the 

cytoplasmic pool of 5-HT found in the serotonergic terminal, upon which PCA 

works. With regards to other drug classes, prenatal exposure to mirtazapine at a dose 

of 7.2mg/kg, but not 3.6mg/kg resulted in reduced levels of noradrenaline and 

dopamine in the brain. It can thus be seen that changes in monoamine levels 

following prenatal exposure to antidepressants do not conform to a general 

consensus and are instead are dependent upon the drug administered, the region 

investigated and the age of the animal.  

Following prenatal exposure to citalopram, reduced tryptophan hydroxylase (TPH), 

the enzyme responsible for the synthesis of 5-HT, has been found along the midline 

in the dorsomedial and ventromedial regions of the dorsal raphe nucleus as well as in 

the median raphe nucleus, the regions where this enzyme is predominantly located 

(Simpson et al., 2011). 
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Exploration into the effect of prenatal antidepressant exposure on SERT densities 

later in life have been carried out across a number of brain regions, with fluoxetine 

being the most studied drug.  The parameters BMAX and KD are often used in these 

studies; BMAX is the maximum binding capacity at the site and KD is the dissociation 

constant, which is used as an inverse measure of the affinity of a compound for the 

site. An early study into binding of [3H] imipramine to a site believed to be related to 

the SERT revealed that at PND25, clomipramine, fluoxetine, clorgyline and deprenyl, 

but not desipramine or nomifensine, decreased the BMAX of [3H] imipramine binding 

at this site, without affecting the KD; this effect remained for  clorgyline and 

deprenyl at PND90 (Montero et al., 1990). The authors postulate that these effects 

are due to a direct effect on the foetus, as no effects were seen in adult animals. 

Aside from the study by Montero et al. (1990), no effects of fluoxetine have been 

observed on SERT density in any brain region (Cabrera-Vera et al., 1997). This 

finding was supported as no effects of this drug were found on number of 

hypothalamic SERT sites in adolescence or adulthood (Cabrera et al., 1994), SERT 

densities in the frontal cortex (Capello et al., 2011), or SERT-like immunoreactive 

cells in the nucleus accumbens, cortex, or amygdala (Forcelli et al., 2008). However, 

when discrete brain regions are investigated, SERT numbers in adolescent rats are 

increased in CA2 and CA3 hippocampal regions, basolateral and medial amygdaloid 

nuclei, but reduced in dorsomedial hypothalamus, lateral hypothalamus and 

substantia nigra, with no effects seen in the dentate gyrus or CA1 hippocampal 

regions, central amygdala, caudate putamen, globus pallidus, ventral palladium or 

any cortical areas or lateral septal nuclei (Cabrera-Vera et al., 1998). In this study, no 

effects were seen on SERT numbers in any discrete brain region in adulthood. 

SERT-like immunoreactive cells were seen to be reduced in the raphe nucleus of 

adult rats exposed prenatally (along with postnatally) to fluoxetine (Forcelli et al., 

2008), while SERT binding was decreased in mice exposed prenatally to fluoxetine, 

but not fluvoxamine, examined at both weaning and in adulthood (Noorlander et al., 

2008). Prenatal exposure to citalopram has been shown to reduce SERT fibre density 

in the hippocampus, medial prefrontal, primary somatosensory and auditory cortices, 

with a change in morphology in the last two regions (Simpson et al., 2011). Drugs 

with serotonergic action have thus been shown, for the most part, to decrease SERT 

in the brain, with no effects of drugs such as desipramine and nomifensine, which 
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have relatively lower affinity for serotonergic sites. These effects have once again 

been shown to be dependent upon the age of testing and the region of interest. 

The 1994 study by Cabrera et al. also measured the effects of prenatal fluoxetine 

exposure on 5-HT2A/2C receptor density and ligand affinity in the hypothalamus and 

cortex of adolescent and adult rats. No differences were seen in adolescence, while 

adult rats exposed prenatally displayed lower hypothalamic receptor densities, with 

cortical densities and affinity in both regions remaining unaffected. Peripherally, 5-

HT2A/2C receptor function was also affected, which will be discussed in the next 

subsection. Finally, rats exposed to fluoxetine prenatally (along with postnatally) 

showed a decrease in cell count in the nucleus accumbens, but not in the amygdala, 

raphe nucleus or parietal cortex (Forcelli et al., 2008). The authors suggest that this 

finding, along with the reduction in SERT-like immunoreactive cells in the raphe 

nucleus and increased time spent in the cocaine-paired compartment of the place 

conditioning test may indicate that early exposure to fluoxetine alters the reward 

circuit later in life.  

A number of non-SSRI drugs have also been investigated for effects of prenatal 

exposure on 5-HT2 receptor binding, with the receptor number reduced by 

clomipramine, iprindole and mianserin without any effects on the affinity, while 

nomifensine increased both receptor number and affinity in this region (De Ceballos 

et al., 1985b). The changes seen could not be fully explained as the drugs do not 

have the same mechanisms of action, but instead the authors highlight the 

vulnerability of the nervous system during early development. On the other hand, in 

a study investigating the effects of desipramine, iprindole, tianeptine and fluoxetine, 

only desipramine was found to decrease the BMAX at 5-HT2 receptors at PND25, with 

no effects on KD (Romero et al., 1994).  

Regarding non-serotonergic receptor binding, early studies by De Ceballos and 

colleagues examined the effects of prenatal exposure to a number of antidepressants 

on dopaminergic and noradrenergic receptors in early adolescent rats. No effects of 

clomipramine, nomifensine, iprindole or mianserin on dopamine receptor number or 

affinity in the striatum were observed, although all drugs lowered the Ki for 

inhibition of binding by dopamine, indicating increased agonist affinity (De Ceballos 

et al., 1985a), while number of β-adrenoceptors, but not affinity, were reduced by 

treatment with all four of these drugs (De Ceballos et al., 1985b). In the former paper, 

the authors thus hypothesise that dopamine is involved not only in the mechanism of 
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action of antidepressant drugs, but also in the aetiology of depression while the 

effects on β-adrenoceptors found in the latter paper are postulated to be a result of 

manipulation of the nervous system during early development, which is a period of 

increased plasticity. β-adrenoceptor binding sites in the telencephalon (the 

forerunner of the cerebral cortex and basal ganglia), measured in the neonatal period, 

have been shown to be reduced following prenatal imipramine (15mg/kg) exposure, 

while binding affinity is increased shortly after weaning (Jason et al., 1981). 

However, in full brain (at PND1), β-adrenoceptor binding was decreased in males 

exposed prenatally to 5mg/kg, but not 10mg/kg imipramine while at PND21, no 

effects were seen in the cortex (Ali et al., 1986). The differences in results seen in 

these studies may be due to the doses employed, although the higher dose was 

administered orally, while the lower doses were administered subcutaneously. In the 

latter study, muscarinic receptor binding was increased at PND1 in females exposed 

to the higher dose of imipramine.  

Some studies have focused on neuronal parameters, rather than transmitter levels or 

receptor binding. Animals who were reared in an enriched environment showed 

increased cortical thickness in the visual cortex; this was not seen in enriched 

animals prenatally exposed to imipramine (Coyle et al., 1975b); also, no effects on 

brain weight or neuronal diameter were observed. This is compared by the authors to 

the fact that the imipramine-exposed animals were unresponsive to the enriched 

environment and the lack of effects on neuronal diameter was hypothesised to be due 

to the fact that the period of environmental enrichment was not long enough to allow 

this parameter to be increased in control enriched animals. Simpson et al. (2011) 

found that prenatal exposure to citalopram led to a higher number of abnormal 

callosal axons, with both hypo- and hypermyelination seen, in the supragranular 

layer only and more profound effects in males and females. As this study was carried 

out as part of the development of a model of autism spectrum disorders (ASDs), this 

sex-specific finding was important, as these disorders affect more males than females. 

Prenatal exposure to fluoxetine in mice was investigated by Smit-Rigter et al. (2012) 

for its effects on dendritic tree complexity in cortical pyramidal neurons in the 

neonatal period, young adulthood and older adulthood. Wild-type mice showed a 

decreased complexity of apical dendrites at all ages, while basal dendrites were 

reduced at PND60 and spine density was unaffected; there were no effects in mice 

lacking the 5-HT3A receptor subunit. These effects mirror the anxiogenic findings in 
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this study, discussed above, thus indicating that the 5-HT3A receptor plays some role 

in the effects of in utero antidepressant exposure. In fact, the body of evidence 

presented in previous studies points towards effects of prenatal exposure to 

antidepressants being due to alterations in the monoaminergic system, most notably 

serotonin. However, it is likely that there is an investigation bias at play, as this 

system has been extensively studied. Thus, caution should be exercised and effects 

on other central mechanisms elucidated before effects can be interpreted as being 

solely monoaminergic in nature. 

  

1.5.6.2: Peripheral effects 

 

Following prenatal fluoxetine exposure, increases in ACTH induced by DOI, a 5-

HT2A/2C receptor agonist which increases plasma adrenocorticotrophic hormone 

(ACTH), were attenuated in adulthood with no effects seen on any other hormone, or 

in adolescence (Cabrera et al., 1994). This reduction is proposed by Cabrera et al. to 

be due to the decrease in the hypothalamic 5-HT2A/2C receptor density. In adult mice, 

plasma testosterone levels were also measured following prenatal fluoxetine 

exposure, with no differences seen when compared with the control group (Gouvea 

et al., 2008).   

Investigations into the effects of prenatal exposure to antidepressants on the 

cardiovascular system have yielded drug-specific results. In rats, no effects of 

doxepin or imipramine on systolic blood pressure have been observed (Simpkins et 

al., 1985), but increased heart rate in response to β-adrenergic stimulation after 

exposure to doxepin in the first week of gestation, but not later weeks, was seen. 

Relative heart rate has been shown to be reduced early, but not later in the neonatal 

period by in utero exposure to imipramine at a dose of 10mg/kg, but not 5mg/kg, 

with no effects of either dose on cardiac β-adrenergic receptor concentration  

(Harmon et al., 1986). This lack of effect on receptor concentration is compared by 

the authors to the decreases seen in the brain in studies by Jason et al. (1981) and Ali 

et al. (1986) and they hypothesise that the heart may be more resistant to 

imipramine-mediated downregulation.  

In mice, no effects of fluvoxamine were seen on dilated cardiomyopathy, quantified 

by wall thickness/radius ratio of the left ventricle and ventricular cavity, or pup 

mortality in the neonatal period, while fluoxetine, at a dose of 0.8mg/kg/day, but not 
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lower doses, showed a decrease in wall thickness/radius ratio, indicative of dilated 

cardiomyopathy and increased pup mortality in the neonatal period (Noorlander et 

al., 2008).  Moreover, fluoxetine also had cardiac effects in rats, with increases in 

right ventricle: left ventricle plus septum weight ratio, which indicates right 

ventricular hypertrophy resulting from pulmonary hypertension (Fornaro et al., 

2007).  In this study, other cardiac effects of fluoxetine were an increase in foetal 50-

200 µM vessel diameter pulmonary arterial medial thickness, a reduction in placental 

tissue 5-HT content and lower arterial oxygen saturation three hours after delivery, 

although this last parameter had normalised by PND3, while no effects were seen on 

tissue: body weight ratio in the lung or placenta, lung 5-HT concentrations or 

pulmonary arterial muscle responses to U46619, a thromboxane A2 analogue. It is 

suggested that the effects of fluoxetine on pulmonary hypertension in the neonate are 

as a result of enhancement of serotonin-mediated pulmonary vasoconstriction. 

Noorlander et al. (2008) make the point that 5-HT is necessary for the mediation of 

cardiac functions and so modulation of this system by fluoxetine, but not 

fluvoxamine may lead to the deficits in the cardiovascular system seen in this study.  

 

1.6: Effects of postnatal exposure to antidepressants 

 

A number of the parameters that have been discussed in the previous section have 

also been assessed following antidepressant exposure in the neonatal period and, for 

this reason, they will not be discussed in detail in this section. In the studies 

reviewed below, all experiments use rats unless otherwise indicated and are 

summarised in Table A4 in the appendices.  

 

1.6.1: Pup weights 

 

In the studies mentioned below, drug administration in the neonatal period generally 

begins either at birth or around PND8 and continues until weaning, which occurs at 

approximately PND21. Thus, weights taken in the neonatal period are concurrent 

with drug administration. To ensure that effects of drug administration on body 

weight are not transient, many studies also measure this parameter in adulthood. 
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1.6.1.1:Pre-weaning (neonatal) period 

 

As with prenatal drug exposure, studies investigating neonatal antidepressant 

exposure employ a number of different drugs, doses and dosing regimes. However, a 

general consensus is seen in the neonatal period, with body weight reduced in rats 

treated with clomipramine (Andersen et al., 2002; de Souza et al., 2004; File et al., 

1983a; Kuramochi et al., 2009; Mirmiran et al., 1981; Soletti et al., 2009), 

citalopram (Deiro et al., 2008; Deiro et al., 2004; Harris et al., 2012; Manhaes de 

Castro et al., 2001), fluoxetine (Lee, 2009; Mendes-da-Silva et al., 2002; Silva et al., 

2010; Toscano et al., 2008) and paroxetine (Xu et al., 2004), while in mice, neonatal 

fluoxetine has also been shown to reduce bodyweight in the neonatal period 

(Karpova et al., 2009). However, in some studies, clomipramine has not been shown 

to reduce neonatal body weight (Hilakivi et al., 1984; Mirmiran et al., 1983), while 

the effects of neonatal administration of citalopram are dose-dependent (Harris et al., 

2012). Neonatal amitriptyline exposure decreased average body weight in the 

neonatal period (Chuah et al., 1986), while desipramine and zimelidine had no effect 

(Hilakivi et al., 1987c). These reductions in body weight are attributed to the 

alteration of the serotonergic system early in life, which is known to be involved in 

food intake. However, this parameter is difficult to measure in the neonatal period as 

feeding is on maternal milk and so it is difficult to determine if food intake is 

disrupted following neonatal antidepressant exposure. 

 

1.6.1.2:Post-weaning and adulthood 

 

Many studies also measure adult body weight to determine if neonatal antidepressant 

administration leads to long-lasting changes in body weight. Unlike results seen 

during the neonatal period, there is no consensus in effects of neonatal antidepressant 

exposure on post-weaning body weight. Fluoxetine has been shown to lead to 

reductions in body weight at PND30 but not PND71 following drug administration 

from PND1-21 (Toscano et al., 2008), with no effect of the same dosing regime seen 

at PND60 (Mendes-da-Silva et al., 2002). However, no effects on body weight at 

PND28 were seen following drug administration in the first week of life only (Lee, 

2009). In mice, neonatal fluoxetine administration results in long-lasting body 

weight reductions (Karpova et al., 2009). Exposure to citalopram in the neonatal 
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period has produced conflicting results on body weight in adulthood, with decreases 

seen following a dose of 20mg/kg (Manhaes de Castro et al., 2001), but not 10mg/kg 

(Maciag et al., 2006b) in earlier studies, but a reversal of this, as well as no effect of 

administration of a dose of 5mg/kg in a later study (Harris et al., 2012).  

Clomipramine has been shown to reduce body weight at a dose of 45mg/kg 

(Kuramochi et al., 2009), but not 25mg/kg (Hilakivi et al., 1986) or 30mg/kg 

(Maciag et al., 2006b; Mirmiran et al., 1983). However, exposure to 30mg/kg of 

clomipramine has been shown to result in decreased body weight in some studies 

(Cassano et al., 2006; Soletti et al., 2009; Vijayakumar et al., 1999), although in the 

case of Soletti et al. (2009), these reductions were not seen at each adult testing age. 

It has been shown that reductions in body weight following this dose endure for 

longer when the animals are singly housed rather than group housed (File et al., 

1983a). Also, when the drug was administered earlier (from PND2-14), decreased 

body weight post-weaning was observed following doses of 15 and 30mg/kg (De 

Boer et al., 1989). Neonatal administration of the 45mg/kg of clomipramine also 

resulted in decreased food intake in adulthood (Vijayakumar et al., 1999). Thus, 

effects of neonatal administration of TCAs would appear to be dose-dependent, 

while effects of SSRIs seem to be, for the most part, age-dependent. 

 

1.6.2: Neurodevelopmental effects 

 

Many neurodevelopmental parameters are measured in the neonatal period, which 

usually compromises the first three weeks of life. Some neurodevelopmental 

parameters occur quite soon after birth, such as acquisition of the surface righting 

reflex. As many of the studies that will be discussed below begin drug exposure in 

the second week of life, drug effects on these parameters cannot be elucidated if they 

occur before dosing begins. Other neurodevelopmental measurements are taken 

while drug administration is occurring; however, as the critical period of 

development is what is targeted in the reviewed studies, this simultaneous 

occurrence cannot be helped. 
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1.6.2.1: Developmental milestones 

 

The effects of neonatal exposure to both citalopram and clomipramine on a number 

of developmental characteristics have been assessed. The former was found to 

reduce tail growth, mediolateral head axis growth and anteroposterior head axis 

length, lead to delays in auditory conduit opening and incisor eruption, but not eye 

opening or ear unfolding, with many of these effects being dose-dependent (Deiro et 

al., 2004). Clomipramine, on the other hand, was found to result in decreased body 

length, head axis length and width but no delays in maturation of the physical 

characteristics of ear unfolding, auditory conduit opening, incisor eruption or eye 

opening were apparent (de Souza et al., 2004). Also, clomipramine exposure via 

maternal treatment either during the neonatal period or gestational and neonatal 

period combined did not have any effects on eye opening (Rodriguez Echandia et al., 

1983). Thus, the lack of effects of neonatal antidepressant administration on 

developmental milestones such as eye opening and ear unfolding tend to be in 

agreement with effects seen following prenatal exposure. While effects on other 

milestones are present in a drug- and dose-dependent manner, no studies have 

reported a lack of effects of these drugs, thus it can be concluded that there are 

negative developmental outcomes following their administration in the neonatal 

period. 

 

1.6.2.2: Reflex and emotional development  

 

Dose-dependent delays in development of some reflexes in the neonatal period have 

been observed following citalopram treatment, including the palmar grasp and 

vibrissae placing reflexes, the free-fall righting response, the righting reflex, acoustic 

startle response and negative geotaxis reflex, with no effects seen on cliff avoidance 

response (Deiro et al., 2008). No effects of neonatal clomipramine treatment on 

onset of righting reflex, free-fall righting response, negative geotaxis, cliff avoidance, 

auditory startle response or vibrissae placing reflex were seen (de Souza et al., 2004), 

or on neonatal home cage movement or open field behaviours (Rodriguez Echandia 

et al., 1983). In this 1983 study by Rodriguez Echandia et al., clomipramine 

exposure occurred via maternal treatment either prenatally (discussed in the previous 

section), neonatally or during both periods. The effects of citalopram in the study by 
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Deiro et al. (2008) are compared by the authors to previous studies on the effects of 

early malnutrition, in which undernourished rats exhibit a delay in reflex 

development and are also found to have altered brain monoamine levels, while the 

fact that 5-HT plays a trophic role in the differentiation of a number of tissues and 

may contribute to the effects of neonatal exposure to citalopram is suggested by 

Deiro et al. (2004). De Souza et al. (2004) mention that this possible impairment of 

tissue differentiation may occur in conjunction with a serotonergic inhibition of food 

intake, while the lack of motor effects seen with neonatal clomipramine 

administration could indicate that the trophic role of noradrenaline on nerve-muscle 

interactions confers a neuroprotective effect. Thus it would appear that from 

previous studies that SSRIs may have effects on reflex and emotional development, 

while a compound with noradrenergic activity is less likely to result in changes in 

these parameters. 

 

1.6.3: Behaviour in adolescence and adulthood 

 

As with the section on behaviour following prenatal exposure to antidepressants, this 

section will be divided by types of test, as the range of behavioural tests that can be 

carried out in adulthood are quite broad.  

 

1.6.3.1: Locomotor tests 

 

The general consensus on the effects of neonatal clomipramine treatment on adult 

locomotor activity is that this parameter is increased in rats (Andersen et al., 2002; 

Hartley et al., 1990; Maciag et al., 2006b; Prathiba et al., 1995; Prathiba et al., 2000; 

Soletti et al., 2009) and hamsters (Yannielli et al., 1999), although the increase in 

activity levels in mice has been shown to be both testing environment- and age-

dependent (Hartley et al., 1990). However, decreases in rats (Cassano et al., 2006; 

Mirmiran et al., 1981) and mice (Ansorge et al., 2008), a trend towards increased 

ambulation (Hilakivi et al., 1984) or no differences between groups (Drago et al., 

1985; File et al., 1983a; Kuramochi et al., 2009; Vogel et al., 1996) have also been 

shown. Differences in results may be attributed to variations in procedures, strains, 

species, ages, duration, dose and route of drug exposure. For example, Cassano et al. 

(2006) assessed locomotor activity as part of a subjective analysis of daily behaviour, 
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Ansorge et al. (2008) investigated mice homozygous or heterozygous for the SERT 

gene, Kuramochi and Nakamura (2009) assessed locomotor activity in adolescence 

and treatment in the study by Drago et al. (1985) was only for the first five postnatal 

days.  Repeated exposure to an open field environment led to decreased activity over 

days in control rats, but not in those treated with clomipramine (Mirmiran et al., 

1983). The authors suggest that this lack of habituation may be attributed to escape-

oriented behaviours in the drug-treated animals, thus reflecting an increase in 

fearfulness. This “fearfulness” theory was also proposed in an earlier study by the 

same group (Mirmiran et al., 1981) and has been contrasted with studies in which 

REM sleep deprivation (RSD) occurs in adult animals, producing the opposite 

effects to those seen in this study. Hartley et al. (1990) also hypothesise that the open 

field behaviour is escape-oriented and may reflect an over-reaction to stress, as no 

effects were seen in a non-stressful environment. This theory that locomotor 

behaviour is escape-oriented is based on observations that increases often occur in 

the outer section of the open field and is also commented on by Prathiba et al. (1995) 

and Soletti et al. (2009), while Hilakivi et al. (1984) state that ambulation in outer 

sections could be due to the rebound REM sleep increase following neonatal RSD, 

and mention that these effects are seen following instrumental RSD also. Adult RSD 

following neonatal clomipramine treatment was shown by Prathiba et al. (2000) to 

bring animals back to control values, thus alterations in this process may be involved 

in locomotor behaviour.  

Some studies have related findings back to post-mortem investigations carried out as 

part of their experiments, while others hypothesise on the possible neurochemical 

mechanisms that may play a role in behavioural changes. Andersen et al. (2002) 

hypothesise that increases in locomotor activity may be related to shifts in the 

laterality of brain dopamine and 5-HT levels, which was found in their study. 

Reduced 5-HT levels and increased 5-HT turnover have also been reported by 

Yanielli et al. (1999), which the authors suggest may be due to alterations in 5-HT 

transmission via upregulation of receptors. Another mechanistic modification which 

has been proposed as a possible contributor is early disruption of SERT, as effects of 

neonatal antidepressants have been seen to be similar to mice lacking the SERT gene, 

in studies by Ansorge et al. in 2004 and 2008 (outlined below).  

Following ethanol administration, rats treated neonatally with clomipramine had 

lower ambulation, an opposite effect to that observed in saline-treated rats following 
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ethanol (Hilakivi et al., 1984). Regarding other TCAs, no effects of neonatal 

desipramine on locomotor activity have been observed (Ansorge et al., 2008; Drago 

et al., 1985), although a trend towards increased ambulation has been reported 

(Hilakivi et al., 1987c). No effects of neonatal imipramine on open field locomotor 

activity have been reported (Drago et al., 1985).  

The consensus for the effects of neonatal SSRI treatment is dependent on the drug 

administered. Neonatal fluoxetine administration is generally shown to decrease 

locomotor behaviour in rats (Lee, 2009; Lee et al., 2012; Zheng et al., 2011), mice 

(Karpova et al., 2009) and mice either homozygous or heterozygous for the 5-HT 

transporter (5-HTT+/+ and 5-HTT+/-) (Ansorge et al., 2008; Ansorge et al., 2004), 

although the effects on mice are not seen in the home cage (Ansorge et al., 2004) or 

before the age of 3 months (Ansorge et al., 2008). On the other hand, locomotor 

behaviour following neonatal citalopram administration has been shown to be 

increased (Maciag et al., 2006b; Maciag et al., 2006c), with this increase attenuated 

by chronic imipramine treatment during adulthood (Maciag et al., 2006c), although 

effects on vertical activity, but not horizontal locomotor activity, have also been 

shown (Ansorge et al., 2008). Zimelidine, a previously marketed SSRI, led to 

increased ambulation in the outer section of an open field, but a trend towards 

decreased ambulation following alcohol administration (Hilakivi et al., 1987c), while 

in mice, fluvoxamine has been shown to reduce distance moved, but not time spent 

moving, in the open field (Zheng et al., 2011). In the rotarod test, neonatal fluoxetine 

exposure resulted in a shorter latency to fall on an accelerating rotarod on the first 

day, but there was no difference after training (Lee et al., 2012). MAOIs have also 

been shown to have different effects on locomotor activity, with isocarboxazid, but 

not iproniazid decreasing ambulation in the open field (Drago et al., 1985).  

As with the conclusions drawn in experiments using clomipramine, alterations in the 

serotonergic system have been proposed as the mechanism of action for behavioural 

changes seen following neonatal SSRI administration. Decreases in tryptophan 

hydroxylase (TPH), the enzyme involved in the first step of 5-HT production; and 

SERT expression have been found following neonatal citalopram administration 

(Maciag et al., 2006b). Other post-mortem investigations have reported changes in 

brain-derived neurotrophic factor (BDNF) and TrkB, the receptor for BDNF (Lee, 

2009) and dendritic spine density impairments in both the striatum and hippocampus 

(Zheng et al. and Lee). In humans, depressed patients have lower BDNF levels than 
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healthy controls (Karege et al., 2002); with these decreases seen in unmedicated 

patients only (Shimizu et al., 2003).  Decreased BDNF and TrkB receptor levels 

have also been seen in suicide victims (Dwivedi et al., 2003). Alterations in both 

BDNF and TrkB receptors may contribute to any effects seen, while striatal neurons 

may play a role in any locomotor impairments observed.  

 

1.6.3.2: Tests for anxiety and depressive-like behaviours 

 

As mentioned previously, tests of anxiety and depressive-like behaviours have been 

carried out following early-life exposure to antidepressants, due to the manipulation 

of the monoaminergic system by these compounds. In the elevated plus maze, a 

number of parameters can be measured which can be seen as anxious behaviour, 

such as spending less time in the open arms (or more time in the closed arms). In rats, 

effects of neonatal clomipramine on anxious behaviour have not been shown to reach 

a general consensus, with decreases in the percentage of time spent in the open arms 

(Andersen et al., 2002) or increases in time spent in the open arms (Cassano et al., 

2006) being reported. Increases in time spent in the closed arm have also been 

reported (Andersen et al., 2010), with no details on open arm parameters given in 

this study. In mice, no effects of neonatal clomipramine or desipramine on any 

anxiety-like measurement were observed (Ansorge et al., 2008). This lack of effect 

was also seen in hamsters, as neonatal clomipramine did not influence either 

percentage time spent in the open arms or percentage number of open arm entries, 

although while the control animals showed differences in these parameters between 

the light and dark phases, the clomipramine-treated animals did not (Yannielli et al., 

1999). In rats, fluoxetine treatment has been shown to have no effects on time spent 

in or entries into open or closed arms (Lee et al., 2012). Exploratory behaviour in 

mice in the elevated plus maze has also been measured following neonatal 

antidepressant administration, with decreases in arm entries seen following 

fluoxetine, clomipramine and citalopram administration, with no effects of 

desipramine (Ansorge et al., 2008). This effect of fluoxetine is seen in 5-HTT+/+ and 

5-HTT+/- mice also, where effects are similar to those seen in mice who do not have 

the 5-HT transporter gene (5-HTT-/-), thus indicating that the SERT may play an 

important role in development of behavioural abnormalities following neonatal 

antidepressant administration.  In rats, fluoxetine was shown to have less closed arm 
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and total entries, but only after foot-shock (Ribas et al., 2008), while another SSRI, 

citalopram, has been shown to have no effects on anxiety-like or exploratory 

behaviour in the elevated plus maze (Harris et al., 2012). The fact that neonatal 

administration of fluoxetine only resulted in behavioural changes following foot-

shock has been hypothesised by the authors to be due to altered behaviour in 

response to stress, which was discussed in the context of negative feedback and 

receptor desensitisation. 

Another test of anxiety-like behaviour is the light-dark box, with entry into the dark 

compartment of the box seen as indicative of anxious behaviour. In rats, no effect of 

neonatal clomipramine treatment was seen (Mirmiran et al., 1983), while in mice, 

neonatal fluoxetine treatment led to a tendency towards increased time to enter the 

dark compartment, indicating a decrease in anxious behaviour (Karpova et al., 2009). 

Few effects of neonatal antidepressant administration on anxiety-like behaviour have 

thus been observed, those that have been are not straightforward and may reflect 

changes in exploratory behaviour or motivation, rather than just anxiety-like 

behaviour. 

As a battery of behavioural tests are often carried out in one study, the proposed 

central mechanisms mediating these effects are discussed in short in most sections 

and discussions may sometimes overlap. Most of the conclusions in this paragraph 

are discussed in greater detail in other sections, but are outlined here briefly. In the 

monoaminergic system, decreases in 5-HT and increases in 5-HT turnover in the 

hypothalamus (Yannielli et al., 1999), as well as shifts in the laterality of dopamine 

and 5-HT in the brain (Andersen et al., 2002) have been reported in studies which 

found abnormalities in anxiety-like behaviour. Yannielli et al. (1999) comment on 

how these abnormalities may be due to altered 5-HT transmission via upregulation of 

receptors. Decreased levels of BDNF and increased levels of Cyclo-oxygenase 2 

(COX-2) (Cassano et al., 2006), as well as delays in age-related increases in BDNF 

and TrkB receptor mRNA levels in females (Karpova et al., 2009) have also been 

found, both in studies where a decrease in anxiety-like behaviour were found. This 

decrease in TrkB receptors is suggested by Karpova et al. (2009) to be due to 

behavioural inhibition, explained by the authors to result from suppression of normal 

exploratory behaviour in response to a novel environment. Cassano et al. (2006) 

propose that, as COX-2 is an inflammatory mediator and it has been postulated that 

inflammation may play a role in depression (for a review of this area, see Connor et 
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al. (1998)), that increased levels following neonatal clomipramine administration 

may be due to a depressive phenotype.  

In the forced swim test, neonatal clomipramine administration usually results in 

increased immobility time in adulthood (Bhagya et al., 2011; Bhagya et al., 2008; 

Bonilla-Jaime et al., 2003a; Bonilla-Jaime et al., 2003b; Feng et al., 2008; Vazquez-

Palacios et al., 2005; Velazquez-Moctezuma et al., 1993; Velazquez-Moctezuma et 

al., 1992; Yang et al., 2008), although some studies have reported no effects of this 

drug on immobility (Kuramochi et al., 2009; Yoo et al., 2000). A number of studies 

have also investigated other forced swim test parameters, with swimming shown to 

be either decreased (Vazquez-Palacios et al., 2005) or unaffected (Kuramochi et al., 

2009; Yoo et al., 2000) while climbing was also either decreased (Yang et al., 2008) 

or not affected (Kuramochi et al., 2009; Vazquez-Palacios et al., 2005). An effect of 

neonatal clomipramine on climbing in the forced swim test was also reported by 

Cassano et al. (2006), although no direction for this effect was given. Other TCAs 

have also been investigated in the forced swim test, with increased immobility time 

at 2 and 5 months of age following desipramine treatment (Fernandez-Pardal et al., 

1989; Hilakivi et al., 1987a; Hilakivi et al., 1988). This increase in immobility time 

was decreased following alcohol administration, with no effects in non-desipramine-

treated rats (Fernandez-Pardal et al., 1989).  No effects were seen following 

imipramine treatment (Fernandez-Pardal et al., 1989).  

SSRI treatment neonatally has resulted in no effects in the forced swim test 

following citalopram treatment in rats (Maciag et al., 2006c) while in mice, a 

decrease in immobility time following neonatal fluoxetine treatment has been 

reported (Karpova et al., 2009), although an older SSRI, zimelidine, was shown to 

increase immobility time at 2 months of age, with no effects at 5 months (Hilakivi et 

al., 1987a; Hilakivi et al., 1988). Contradicting results have also been seen in the 

forced swim test following neonatal treatment with nomifensine, a noradrenaline-

dopamine reuptake inhibitor, as both increases in immobility time (Hilakivi et al., 

1988) and no effects of this drug (Fernandez-Pardal et al., 1989) have been reported. 

One of the features of depression is anhedonia, the inability to experience pleasure in 

things that are usually pleasurable. This can be modelled in animals by measuring 

either the consumption of, or preference for, sucrose (or saccharin)-sweetened water. 

Following neonatal clomipramine administration, sucrose preference (Bhagya et al., 

2011; Bhagya et al., 2008) and consumption (Cassano et al., 2006) have been shown 
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to be decreased in some, but not all studies (Vogel et al., 1990a), with this latter 

study reporting no effect of neonatal clomipramine on sucrose consumption and 

decreases in saccharin consumption at 7 months only in a paradigm where this 

parameter was measured monthly. No effects of citalopram on saccharin-sweetened 

fluid consumption were observed (Maciag et al., 2006c).  

Again, a number of possible reasons for behavioural changes in the forced swim test 

have been proposed. Hilakivi et al. (1987a) suggest that alterations in the function of 

cerebral monoaminergic systems may be involved and cite the fact that reductions in 

dopamine, 5-HT and its metabolite 5-HIAA have been observed in the forebrain 

following neonatal clomipramine treatment. This suggestion is echoed in a later 

paper by the same group (Hilakivi et al., 1988). Yang et al. in 2008 found that 5-HT 

levels in the dorsal raphe were lower in drug-treated animals and also that lesions in 

the lateral habenula, a relay station between forebrain and midbrain nuclei both 

lessened “depressive-like” behaviour and increased dorsal raphe 5-HT levels, thus 

indicating a possible role of this structure in depression induction. Altered 

hippocampal synaptic plasticity and decreased neurotransmitter levels have also been 

observed in studies where immobility increases in the forced swim test as well as 

anhedonia-like behaviour in the sucrose preference test were observed (Bhagya et al., 

2011), with reversal seen following adult escitalopram treatment, thus once again 

indicating a serotonergic mechanism of action. Vazquez-Palacios et al. (2005) also 

discuss abnormalities in the serotonergic system in the context of the forced swim 

test, while Cassano et al. found that hippocampal levels of BDNF were lower and 

levels of COX-2 were higher following neonatal drug treatment.  

Although the forced swim test has been used in a number of studies to represent 

behavioural despair (Bhagya et al., 2008; Bonilla-Jaime et al., 2003a; Bonilla-Jaime 

et al., 2003b), or a depressive phenotype (Feng et al., 2008; Yang et al., 2008), Yoo 

et al. in 2000 and Karpova et al. in 2009 questioned the validity of using this test this 

way, with the former commenting on the many false positives and negatives seen in 

previous studies and the latter instead proposing that immobility may reflect survival 

tactics. The sucrose preference test has also been used to indicate a depressive 

phenotype (Bhagya et al., 2011; Bhagya et al., 2008) and may have more face 

validity as it seems to model anhedonia, which is seen in depression. Thus, neonatal 

administration of TCAs has resulted, for the most part, in changes in depressive-like 

behaviour, while administration of SSRIs has not. Although post-mortem 
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investigations do indicate involvement of the serotonergic system, effects on other 

compounds such as BDNF mean that the aetiology of effects cannot be confined to 

this neurotransmitter. 

  

1.6.3.3: Tests of learning and memory 

 

In tests of learning and memory, neonatal treatment with clomipramine has generally 

resulted in impairments, including exposure- and age-dependent decreases in novel 

object exploration (Vogel et al., 1990a), inhibition of active avoidance responses 

(Drago et al., 1985), increased time spent before finding the submerged platform in 

the Morris water maze (Cassano et al., 2006), decreased learning performance and 

increased reference memory errors in the radial arm maze (Bhagya et al., 2011; 

Bhagya et al., 2008), inability to demonstrate spontaneous alternation and deficits in 

both alternation and win-shift paradigm tasks  (Andersen et al., 2010), although no 

effects on working memory were seen in the radial arm maze (Bhagya et al., 2011; 

Bhagya et al., 2008). There are a number of studies whose results are divergent to 

those just outlined, with no effects of neonatal clomipramine treatment seen in any 

parameter in the radial arm maze (De Boer et al., 1989) or in training in an 

alternation task (Mirmiran et al., 1981), although in the latter study, response rate 

was increased in drug-treated rats in initial training and all retraining sessions. This 

study by Mirmiran et al. (1981) also differed from the study carried out by Andersen 

et al. in 2010 as the former task involved food rewards, rather than the spontaneous 

alternation assessed in the latter study. No effects of neonatal clomipramine 

treatment have been observed in tests of differential reinforcement of low response 

rate (Mirmiran et al., 1981) or the Hebb-Williams maze, which measures problem-

solving ability (De Boer et al., 1989). The only test in which improvements in 

learning and memory have been observed is the passive-avoidance test, with an 

increase in latency to enter the dark compartment in the retention trial seen following 

neonatal clomipramine treatment (Prathiba et al., 1995; Prathiba et al., 2000). 

However, some studies have reported no effects of neonatal clomipramine treatment 

in the retention trial of this test (File et al., 1983a; Mirmiran et al., 1983; Mirmiran et 

al., 1981). Regarding other drugs, active avoidance responses were inhibited by 

neonatal treatment with the drugs imipramine, desipramine, iproniazid and 

isocarboxazid (Drago et al., 1985). 
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The possible causes of learning and memory effects of neonatal antidepressant 

administration do not reach a general consensus, with suggestions including possible 

toxicity of MAOI drugs (Drago et al., 1985), decreased BDNF in the hippocampus 

(Cassano et al., 2006), comparisons with previous studies in which cognitive deficits 

found in the 8 arm radial maze produced by TPH inhibition were apparent (Bhagya 

et al., 2008) and altered hippocampal synaptic plasticity and decreased 

neurotransmitter levels (Bhagya et al., 2011). Improvements seen in the passive 

avoidance test following neonatal clomipramine treatment have been hypothesised to 

be due to increased cholinergic activity which may result from apparent 

hypersensitivity of muscarinic cholinergic receptors (Prathiba et al., 1995), as RSD 

caused rats to revert to control values (Prathiba et al., 2000) and the authors 

comment on the fact that cholinergic receptor subsensitivity has been observed 

following RSD. Andersen et al. (2010) comment on how disruptions in learning and 

memory may be part of an obsessive-compulsive disorder (OCD) phenotype, with 

lack of alteration in the T-maze interpreted as perseverative behaviour, which is seen 

in this disorder, while set-shift experiments can be thought to model the organisation 

and execution of a sequence of tasks (executive function, which, if non-verbal, has 

been shown to be impaired in people with OCD). 

 

1.6.3.4: Tests of sexual and aggressive behaviour 

 

Deficits in sexual behaviour are seen in depression (American Psychiatric 

Association, 2000). As mentioned in the prenatal antidepressant administration 

section, neonatal clomipramine administration has been shown to result in a number 

of deficits in adult sexual behaviour, including a decrease in sexual interest, activity 

and performance, increased sexual, mount, intromission and ejaculation latencies, 

intercopulatory and interintromission intervals and decreased mounts and 

ejaculations (Bonilla-Jaime et al., 2003b; Bonilla-Jaime et al., 1998; Cassano et al., 

2006; De Boer et al., 1989; Feng et al., 2003; Feng et al., 2001; Maciag et al., 2006b; 

Velazquez-Moctezuma et al., 1993; Vogel et al., 1996), although these effects are 

both dose- and treatment regime-dependent. Some studies have not found these 

effects, with no differences seen between drug-exposed and control animals in mount 

and ejaculation latency (Feng et al., 2003), decreased number of ejaculations but 

increased number of mounts with no effect on  intromission and ejaculation latencies 
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(Mirmiran et al., 1983), decreased number of rats ejaculating and increased 

mount/intromission ratio with no effects on mount or intromission latency (Mirmiran 

et al., 1981) and no effects of neonatal clomipramine on sexual behaviour found in 

others (Drago et al., 1985; File et al., 1983a; Soletti et al., 2009). In a study which 

compared three rat strains, neonatal clomipramine was not found to have any effect 

on the albino strains Sprague Dawley or Wistar, which was attributed to the low 

sexual activity displayed in controls, while in the Long-Evans strain at 3 months, 

clomipramine-treated rats had fewer mounts, intromissions and ejaculations, longer 

mount latency and tendency towards longer postejaculatory pauses (Neill et al., 

1990). A similar profile was seen in this rat strain at 7 months. The effects of 

neonatal administration of other drugs which alter monoaminergic transmission on 

sexual behaviour have also been investigated, with both citalopram and the 5-HT1B 

receptor agonist CGS 12066B resulting in a decrease in mounting and intromission 

behaviour, with no effects of 8-OH-DPAT, a 5-HT1A receptor agonist (Maciag et al., 

2006a). This effect of citalopram, along with decreases in ejaculatory behaviour was 

also seen in two more studies from the same group (Maciag et al., 2006b; Maciag et 

al., 2006c), although another study from this group carried out a dose-response 

profile of citalopram (Harris et al., 2012). All doses reduced mounting behaviour, 

but there were only trends towards deficits in intromission and ejaculation behaviour. 

Responses to sexual and nonsexual female behaviour have been shown to be 

disrupted by citalopram and fluoxetine, but not the atypical antidepressant bupropion, 

with no effects on responses to nonsexual female behaviour (Rodriguez-Porcel et al., 

2011). With other drugs, no effects of neonatal treatment with imipramine, 

desipramine, iproniazid or isocarboxazid on sexual behaviour were seen (Drago et 

al., 1985). 

A number of mechanistic explanations for deficits in adult sexual behaviour have 

been proposed. Once again, the serotonergic system has been suggested as a possible 

contributor. As similar effects are seen in SERT knockout mice, Harris et al. (2012) 

indicate that effects on sexual behaviour may be due to pharmacological inactivation 

of SERT during a period of critical brain development, while the fact that SSRIs but 

not bupropion have effects would also signify that 5-HT plays a role in this 

behavioural anomaly (Rodriguez-Porcel et al., 2011). In two papers Maciag et al. 

(2006a and 2006c) discuss the fact that in a third paper published by this group 

(Maciag et al., 2006b), decreases in expression of both TPH in the dorsal raphe and 
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SERT in the cortex were seen. In one of these papers, (Maciag et al., 2006a), the 5-

HT1B receptor is also theorised to be involved as neonatal treatment with the receptor 

agonist, CGS 12066B, has the same effects as treatment with citalopram. However, 

the 5-HT1A receptor is not believed to play as much of a role as neonatal treatment 

with the receptor agonist 8-OH-DPAT had only moderate, non-significant effects in 

adulthood. 

 On the other hand, Bonilla-Jaime et al. (1998) investigated a number of adult drug 

treatments for their ability to reverse sexual deficits following neonatal 

antidepressant treatment and concluded that the serotonergic system seemed intact 

and deficits may be due to changes in the adrenergic and cholinergic systems. This 

was based on the fact that acute administration of 8-OH-DPAT, a 5-HT1A receptor 

agonist, reversed deficits, while yohimbine (an adrenergic alpha 2 receptor 

antagonist) and oxotremorine (a cholinergic muscarinic receptor agonist) had no 

effects. All doses of these drugs were chosen as they had been shown to produce a 

stimulatory effect on male sexual performance. Drago et al. in 1985 also suggest that 

deficits may be due to neurochemical changes in the noradrenergic system, while 

Neill et al. (1990) propose that sexual deficits are due to a disruption in reward or 

pleasure seeking and compare this dysfunction to that seen in endogenous depression 

outlined in the Diagnostic and Statistical Manual of Mental Disorders, 4th Edition 

Text Revision (DSM-IV-TR) (American Psychiatric Association, 2000). 

The theory that the drug administration takes place during a critical period of brain 

development is mirrored in the discussion of Feng et al. in 2001, where they outline 

the number of developmental milestones which occur in the third postnatal week in 

rats- eyes are open, adult sleep cycle, densities and concentrations of many receptors 

and transmitters are attained. In their study, it was seen that impairments in sexual 

behaviour only occur if treatment starts before this milestone, thus it is likely a 

crucial period in the development of this behaviour. RSD has also been proposed as 

a possible cause of decreased sexual behaviour in adult animals (De Boer et al., 1989; 

Feng et al., 2003). In the latter study, deficits in pERK signalling were seen, which 

may result from lack of REM sleep leading to less brain stimulation and production 

and release of neurotrophins, thus interfering with development. This is discussed in 

the context of the finding that suicide victims had less ERK1/2 in the frontal cortex 

in a study by Dwivedi et al. (2001). However, Velazquez-Moctezuma et al. (1993) 

claim that RSD does not cause decreased sexual behaviour, as other drugs which 
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inhibit REM sleep do not produce these effects. Increased emotionality, or possible 

delays or disturbances in brain maturation of neural substrates subserving masculine 

behaviour have been proposed by Mirmiran et al. (1981), although Bonilla-Jaime et 

al. (2003b) showed that increases in testosterone levels were similar in treated and 

untreated animals, thus deficits were not due to impairments in the hypothalamic-

pituitary-gonadal (HPG) axis. In this last study, drug-treated rats showed less 

increases in corticosterone in response to stress and so low hypothalamic-pituitary-

adrenal (HPA) axis responsiveness is seen. As corticosterone may be involved in 

reward pathways through interaction with the dopaminergic system, lower levels of 

corticosterone would mean less reward, corroborating the conclusions of Neill et al. 

(1990). Lower BDNF and higher COX-2 have also been found following neonatal 

antidepressant administration in the study by Cassano et al. (2006), resulting in not 

only loss of sexual interest, but also less sucrose and food consumption, which were 

interpreted as an anhedonia-like state. 

A decrease in shock-induced aggression has been seen in rats treated neonatally with 

clomipramine (Mavanji et al., 2002; Vijayakumar et al., 1999; Vogel et al., 1988) 

and citalopram (Manhaes de Castro et al., 2001). In the home cage resident-intruder 

test, neonatal clomipramine treatment resulted in some sporadic, non-dose-dependent 

increases in dominance when the experimental animal was the intruder, but as these 

results were not reproducible, the authors did not deem them to reflect actual 

increases in aggression (File et al., 1983a). Vogel et al. (1988) noted that RSD 

increases aggression and so the rebound increase in REM sleep following neonatal 

RSD may decrease it, while Manhaes de Castro suggested that, as aggression is a 

response mediated by the serotonergic system, decreases in aggression may be due to 

pre- and post-synaptic alterations in this system following manipulation in early life. 

File et al. (1983) propose that the lack of effects found in their study may be due to 

strain or cross-fostering differences between studies. 

 

1.6.3.5: Other tests 

 

In rats, neonatal clomipramine administration resulted in increases in a number of 

behaviours, such as increased emotionality, measured as increased faecal boli 

numbers in the open field (Vogel et al., 1996), enhanced baseline temperature and 

sensitivity to oxotremorine-induced hypothermia (Prathiba et al., 1995; Prathiba et 
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al., 2000), increases in defensive marble-burying behaviour and food pellet hoarding 

(Andersen et al., 2010). Decreases in food consumption, higher levels of social 

isolation, indifference towards novelty, when measured qualitatively (Cassano et al., 

2006) and intracranial self-stimulation rates in older, but not younger animals (Vogel 

et al., 1990b) have also been seen following neonatal clomipramine administration, 

however, another study found no effect of this drug on social interaction or in 

holeboard tests (File et al., 1983a). Exposure to clomipramine via maternal 

administration led to decreased sniffing, rubbing and mounting in a social behaviour 

test in young adult males and decreased sniffing in young adult females when this 

administration occurred during both gestational and neonatal periods, but not the 

neonatal period only, with no effects in older adult rats (Rodriguez Echandia et al., 

1983). In addition in this study, exploratory behaviour of young and adult rats in 

both familiar and novel runway environments was examined. In adolescent rats in 

the familiar environment, exposure during both periods, but not neonatally increased 

digging, grooming and scratching, but not rearing sniffing or gnawing, with a similar 

profile in adults, although no effects on scratching were seen. In the novel 

environment, both periods of exposure decreased runway exploration at both ages, 

but this effect in younger rats was only observed to males.  In adolescent rats 

exposed neonatally to fluoxetine, pain threshold on the hot plate was increased and 

maximum crossable distance in a gap crossing test was reduced to a level 

comparable to rats that had had their whiskers removed (Lee, 2009). 

Prathiba et al. in 1995 and 2000 commented on how sensitivity to oxotremorine-

induced hypothermia is possibly due to increased cholinergic activity or 

hypersensitivity of this system. In the later paper, they report that RSD rats reverted 

to control values and mention that previously it has been found that cholinergic 

receptor subsensitivity has been observed following RSD. In post-mortem tests, Lee 

in 2009 found that there were differences in the neuronal structure of the 

somatosensory cortex in drug-treated animals and this may lead to a reduction in 

functional synaptic contacts and thus deficits in excitatory synaptic transmission, 

which would play a role in sensory ability in the gap crossing test. In the same paper, 

it is suggested that the thermal pain threshold measured in the hot plate test is 

regulated by 5-HT and that negative feedback in this system may lead to an analgesic 

effect. As discussed in the sections on sexual behaviour and anxiety and depressive-

like behaviours, reduced BDNF and increased COX-2 levels were found in the 
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hippocampus of animals displaying an indifference towards novelty (Cassano et al., 

2006). This has, in conjunction with the other behavioural effects found, been 

interpreted by the authors as an anhedonia-like state. Similarly, as discussed 

previously, the decreases in intracranial self-stimulation rates may be due to 

decreases in pleasure or reward-seeking behaviour. 

Earlier studies into the effects of neonatal TCA and SSRI administration also 

investigated alcohol/ethanol intake. In free-choice paradigms, neonatal clomipramine 

increased alcohol intake and preference in both wild-type (Dwyer et al., 1998; 

Hilakivi et al., 1984) and strains genetically predisposed to high alcohol intake (AA), 

with no effects in strains predisposed to low alcohol intake (ANA) (Hilakivi et al., 

1986). In this latter study, following alcohol deprivation, AA animals treated 

neonatally with clomipramine had a trend towards decreased alcohol intake while 

drug-treated ANA rats had a trend towards increased alcohol intake. While Hilakivi 

et al. (1984) reported an increase in alcohol preference and intake in a free-choice 

paradigm following neonatal clomipramine treatment, no effects on alcohol intake 

was seen when there was no choice offered. With other drugs, neonatal zimelidine 

was shown to increase alcohol intake and preference (Hilakivi et al., 1987c), while in 

the same study, neonatal desipramine also resulted in increased alcohol intake and 

preference, but in another study (Rosenwasser et al., 1994), the trend towards 

increased alcohol intake following drug treatment did not reach statistical 

significance. A comparative study of desipramine, zimelidine and nomifensine found 

that neonatal treatment with all drugs increased alcohol intake as a percentage of 

total fluid intake (Hilakivi et al., 1987b). In most of this research, the authors 

commented on a possible common mechanism between alcohol preference and sleep 

effects, which is proposed to be changes in central monoaminergic function (Hilakivi 

et al., 1986; Hilakivi et al., 1987b; Hilakivi et al., 1984; Hilakivi et al., 1987c), as 

decreased brain monoamine levels were also found in the last study, with Dwyer et 

al focusing on decreased 5-HT function as a likely mechanism. 

Recently, some studies have been carried out which investigate the role that early 

exposure to antidepressants may play in modulation of behaviours that could be 

considered analogous to behavioural changes seen in autistic spectrum disorders 

(ASD). Rats treated with citalopram displayed increased freezing responses to a 

novel tone, were less likely to engage in play behaviours, had reduced novel object 

exploration and lower social interaction preference characterised by a lower ratio of 
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conspecific/object contacts in an object-conspecific preference test, with all but the 

last of these behaviours present in male rats only (Simpson et al., 2011) In a study 

comparing citalopram, fluoxetine or bupropion, deficits in these behaviours were 

also observed, with longer immobility times in response to a novel tone, less time 

spent in a novel area, reduced juvenile play behaviour and ambulation (both in males 

only) and lower social interaction preference (Rodriguez-Porcel et al., 2011). Again, 

a role of 5-HT is proposed. Rodriguez-Porcel et al. discuss how 5-HT is a trophic 

factor in sensory cortical projections and suggest that, as a number of the behaviours 

they studied require auditory and/or olfactory circuits, a disruption in sensory 

processing may exist. These authors also point out that the effects were more robust 

for an SSRI than an atypical antidepressant, again pointing to a serotonergic 

mechanism. In the study by Simpson et al., deficits in raphe circuitry, cortical 

network function and callosal oligodendrocytes were observed, thus behavioural 

abnormalities were proposed to be due to abnormal communication between 

hemispheres. This is proposed to be similar to reductions in corpus callosum size and 

loss of long-distance cortical connectivity seen in ASD, which are discussed in two 

reviews referenced by the authors (Courchesne et al., 2005; Welsh et al., 2005). Also 

in this study, the lower social preference observed was compared with reductions in 

social interaction seen in ASD.  

In mice, effects of neonatal fluoxetine treatment on latency to feed in a novelty-

suppressed feeding paradigm were dependent on 5-HT transporter (5-HTT) gene 

mutations, with an increase in latency to feed seen in 5-HTT+/- but not 5-HTT+/+ 

mice treated neonatally with this drug, when compared to genetically similar controls 

(Ansorge et al., 2004), while shock avoidance, which may also be seen as a measure 

of learning and memory, was impaired in drug-exposed animals of both variants 

when compared with their respective controls. Where effects were found in this 

study, drug-treated animals were comparable to animals without the 5-HT 

transporter (5-HTT-/-). In another study by the same group, mice treated neonatally 

with either fluoxetine or clomipramine, but not citalopram or desipramine had 

increased latency to feed in the novelty-suppressed feeding test, while in the novelty-

induced hypophagia test, latency to feed was increased by fluoxetine, clomipramine 

and citalopram, but not desipramine and percentage inhibition of sweetened milk 

consumed in a novel situation was increased by fluoxetine and clomipramine, but not 

citalopram or desipramine (Ansorge et al., 2008). In this last study, latency to escape 
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in a shock-avoidance test was increased by fluoxetine, clomipramine and citalopram, 

but not desipramine. In hamsters, there was no effect of neonatal treatment with 

either clomipramine or imipramine on sensitivity to oxotremorine-induced 

hypothermia (Klemfuss et al., 1998). This comparison to SERT knockout mice in the 

studies by Ansorge et al. (2004 and 2008) also includes reduced dorsal raphe firing 

rates (seen in the earlier study) and indicates that early disruption of the SERT may 

play a major role in behavioural disruptions later in life. The later study also 

comments on the fact that as desipramine (which has low activity at the SERT) did 

not have effects, this would further support the suggestion that early manipulation of 

the SERT is important in the development of these behavioural deficits. 

 

1.6.4: Post-mortem effects 

 

1.6.4.1: Central effects 

 

Levels of monoamines in a number of regions have been investigated following 

neonatal treatment with antidepressants. In an early study, neonatal clomipramine 

administration was found to have no effects on noradrenaline levels in the cortex or 

medulla oblongata (Mirmiran et al., 1983). However, later studies in rats have 

reported reductions in noradrenaline, dopamine and 5-HT in a number of different 

brain regions (Bhagya et al., 2011; Vijayakumar et al., 1999; Yang et al., 2008), as 

well as reversals and inductions of laterality of 5-HT and dopamine (Andersen et al., 

2002). Decreases in 5-HT and increases in serotonergic turnover in hamsters have 

also been reported following neonatal clomipramine administration (Yannielli et al., 

1999). The effects of other antidepressants on monoamine levels have also been 

investigated, with no effects seen of imipramine, trimipramine or fluoxetine on 5-HT 

levels, 5-HIAA levels or serotonergic turnover (Dewar et al., 1993), while 

desipramine has been shown to reduce dopamine, 5-HT and 5-HIAA in the 

hypothalamus and zimelidine effects include decreased noradrenaline in the limbic 

forebrain, decreased dopamine and HVA, as well as increased DOPAC in the 

striatum and lower dopamine, 5-HT and 5-HIAA in the hypothalamus (Hilakivi et al., 

1987b; Hilakivi et al., 1987c).  

Other studies have focused on the monoaminergic receptors, with the 5-HT 

transporter (SERT) widely investigated. Results have been drug-specific, with no 
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effects of imipramine, trimipramine or fluoxetine on BMAX or KD values (Dewar et 

al., 1993), but effects have been seen following neonatal citalopram administration, 

which are present in a number of ways. Decreased SERT immunoreactivity in the 

prefrontal and primary somatosensory cortices, exhibited as discontinuity of SERT-

immunoreactive axons, has been reported (Maciag et al., 2006b), as well as 

decreased immunoreactivity in the dorsal and ventral hippocampus but not 

ventrobasal nucleus or caudate-putamen (Weaver et al., 2010). Decreased SERT 

fibre density in the hippocampus, medial prefrontal, primary somatosensory and 

auditory cortices were also observed, along with a change in fibre morphology 

(Simpson et al., 2011). The neurochemical consequences of early life exposure to 

citalopram, as well as the behavioural effects outlined above, are of particular 

importance due to the fact that this drug is the most dispensed antidepressant in the 

UK. Citalopram was also one of the twenty most dispensed drugs in the UK in 2011, 

with 13.4 million units dispensed (The Health and Social Care Information Centre, 

2011).  Following neonatal clomipramine administration, there was an increase in 

mRNA expression for 5-HT2C receptors in the orbital frontal cortex and D2 receptors 

in the striatum, with no differences in the medial prefrontal cortex and no effects on 

5-HT1A or 5-HT1D receptors in the orbital frontal cortex (Andersen et al., 2010). 

As mentioned in the section on prenatal exposure to antidepressants, BDNF is 

believed to play a role in depression, thus the levels of this neurotrophic factor have 

been measured following neonatal clomipramine administration in rats, with 

decreases observed in the hippocampus (Cassano et al., 2006). Results in mice have 

been more complex however, as mRNA levels of total BDNF as well as TrkB, the 

receptor for BDNF, were reduced in female pups at PND9 and 14 with no effects at 

PND21, while in adult males, there was upregulation of BDNF expression (Karpova 

et al., 2009).  

Effects of neonatal antidepressant administration on cell density and morphology 

have been dependent upon the drug administered, the type of cell investigated and 

the area of measurement. Neonatal clomipramine has been shown to result in 

reductions in dendritic spine density in the dentate gyrus, but no other hippocampal 

regions, with no effects on mean dendritic length (Norrholm et al., 2001); when 5-

HT and dopamine-β-hydroxylase axon density was measured, no effects were seen 

(Karpova et al., 2009). Neonatal fluoxetine administration from PND0-6 led to fewer 

branches and reduced numbers of terminal tips in thalamocortical afferent axons, 
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with no difference in axon arbors in the somatosensory cortex at PND7 (Lee, 2009). 

In this study, dendrites were also examined; fluoxetine-treated animals had smaller 

dendritic field, smaller total dendritic length, reduced dendritic complexity, fewer 

terminal endings and reduced spine density in the 2nd-4th dendritic orders and altered 

dendritic morphology, but no difference in primary dendritic spine density. In other 

brain regions, neonatal fluoxetine had no effect on shape, density or soma size of 

cerebellar Purkinje cells, total dendritic length or complexity in striatal medium 

spiny neurons or number of primary basilar dendrites of layer 5 pyramidal neurons in 

the primary motor cortex (Lee et al., 2012). Effects that were seen in this study 

included a reduction in spines in striatal medium spiny neurons, less bifurcating 

nodes and terminal endings, shorter dendritic length, less complicated basilar 

dendrites and fewer segments in each dendritic order in the motor cortex as well as a 

reduction in dendritic spine density. In the hippocampus at PND22, neonatal 

treatment with both fluoxetine and fluvoxamine resulted in reduced basal dendrite 

spine density; apical dendrite spine density was only reduced by fluvoxamine (Zheng 

et al., 2011). In adult animals in this study, both drugs increased basal dendrite spine 

density, but only fluoxetine increased apical dendrite spine density. Callosal axons 

have been found to be affected by neonatal citalopram, with a higher number of 

abnormal axons reported in the supragranular layer of drug-exposed animals 

(Simpson et al., 2011). 

As serotonergic neurons originate mainly from the dorsal and median raphe nuclei 

and modification of the function of this neurotransmitter is believed to play a role in 

the behavioural effects of neonatal antidepressant exposure, investigators have 

examined both the neurons originating from and TPH levels in this region. Maciag et 

al. (2006b) found that neonatal treatment with citalopram and, to a lesser extent 

clomipramine, led to decreases in TPH immunoreactivity in the raphe nuclei at 

PND22, an effect which lasted until PND130 in the citalopram-exposed group. The 

effects of citalopram on TPH immunoreactivity were also seen in a study by 

Simpson et al. (2011). Neuronal parameters were affected by neonatal fluoxetine 

exposure, with decreased neuronal area and numbers, lower maximum and minimum 

neuronal diameter and reduced neuronal perimeter in the dorsal raphe nucleus, while 

in the median raphe nucleus, neuronal area was decreased, as were maximum, 

median and minimum diameter (Silva et al., 2010). Neuronal firing rate and 

temporal discharge in the dorsal raphe nucleus was also decreased in adult animals 
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following neonatal clomipramine administration (Kinney et al., 1997). Tyrosine 

hydroxylase (TH), the rate-limiting enzyme responsible for noradrenaline synthesis, 

is found predominantly in the locus coeruleus; neonatal treatment with citalopram, 

although an SSRI, led to increased TH immunostaining intensity but not density in 

this region, although TH-positive fibre density was increased in the cortex (Darling 

et al., 2011). These effects, coupled with increased spontaneous locus coeruleus 

firing rate and hyperexcitability in response to tail pinch, were seen in males only. 

A number of central effects have been investigated in single studies; these effects 

will be described below but are difficult to compare with other studies as they have 

not been replicated. Only one post-mortem endpoint has been measured following 

neonatal administration of amitriptyline, olfactory bulb area, with decreased external 

plexiform area observed and no effects on the whole bulb, glomerular layer, mitral 

cell layer, internal plexiform layer or granule cell layer (Chuah et al., 1986). 

Neonatal clomipramine was associated with reductions in the soluble form of 

acetylcholinesterase (AChE), the enzyme responsible for the metabolism of 

acetylcholine (Mavanji et al., 2002), although animals were chosen for the analysis 

based on optimal differences between drug and control group in a shock-induced 

aggression test, while AChE activity is decreased in the hippocampus and frontal 

cortex, but not septum, of clomipramine-treated animals (Bhagya et al., 2011). 

Another neurochemical which is affected by this drug is the extracellular signal-

regulated kinases (ERKs), which are involved in many cellular processes and whose 

kinase activity is activated by phosphorylation. Phosphorylated ERK (pERK) levels 

and pERk/ERK ratios are reduced in the frontal cortex and hippocampus of 

clomipramine-treated rats, with no effects on inactive ERK (Feng et al., 2003). 

Hippocampal mRNA and cDNA for cyclo-oxygenase 2 (COX-2), an inflammatory 

mediator, was increased following neonatal clomipramine, as were the number of 

positive COX-2 cells in the hippocampus and entorhinal cortex (Cassano et al., 

2006). Orexins have been shown to regulate 5-HT neurons in the dorsal raphe 

nucleus (Liu et al., 2002; Tao et al., 2006); following neonatal clomipramine 

administration, levels of orexin A were lower in the pons, hypothalamus and frontal 

cortex at PND35, while orexin B levels were lower in the lateral hypothalamic area, 

septum, thalamus, amygdala; both orexins were increased in the hypothalamus in 

adulthood.  
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At PND8, uptake of 5-HT into thalamocortical fibres was blocked by neonatal 

administration (from PND0-8) of paroxetine, which resulted in a reduction in 

serotonergic immunostaining (Xu et al., 2004). In this study, desegregation of 

thalamocortical fibre patches in the cortical posteromedial barrel subfield (PMBSF), 

an area in the somatosensory cortex of rodents which integrates input from whiskers, 

was also present, along with a reduction in the overall area of the PMBSF and a 

decrease in the sum of areas and cross-sectional areas of thalamocortical fibres of 

individual patches of the PMBSF, thus the organisation of thalamic inputs to cortical 

regions was disrupted.  

In all but three studies (Dewar et al., 1993; Karpova et al., 2009; Mirmiran et al., 

1983) investigating the central effects of neonatal antidepressant administration, 

changes have been observed, while, of these three, just one did not report any 

behavioural effects (Dewar et al., 1993). The drugs investigated in these studies were 

clomipramine, imipramine, trimipramine and fluoxetine, of which all but 

trimipramine have been shown to result in behavioural and/or post-mortem 

alterations in other studies. Central effects of neonatal antidepressant administration 

have been predominantly monoaminergic in nature, with changes in levels of 

neurotransmitters, synthetic enzymes and metabolites, receptor expression, 

transporter expression and neuronal cells. However, effects on other central systems, 

as outlined above, have also been reported, rendering it impossible to claim that the 

aetiology of behavioural effects following neonatal antidepressant administration is 

solely due to the monoaminergic system. 

 

1.6.4.2: Peripheral effects 

 

Earlier investigations into peripheral effects of neonatal clomipramine treatment 

have been tied in with the deficits observed in sexual behaviour and have thus 

concentrated on testosterone and corticosterone levels. No effects of clomipramine 

on plasma testosterone were seen in the first study in this area by Mirmiran et al. 

(1981), nor were there any effects on testosterone increase in response to a stimulus 

female (Bonilla-Jaime et al., 2003b) or decrease in response to stress (Bonilla-Jaime 

et al., 2003a), thus deficits in sexual behaviour could not be attributed to decreased 

testosterone. Adult basal corticosterone levels were found to be higher in 

clomipramine-treated rats (Prathiba et al., 1998), while increases in corticosterone 
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levels in response to a stimulus female (Bonilla-Jaime et al., 2003b) or stress 

(Bonilla-Jaime et al., 2003a; Ogawa et al., 1994) are attenuated by neonatal 

clomipramine treatment. Thus, it is likely that the effects of neonatal clomipramine 

are in some way connected with the hypothalamus-pituitary-adrenal (HPA) axis. 

Other peripheral effects of neonatal antidepressant administration that have been 

investigated are dental effects, in which no effects of clomipramine on alveolar bone 

loss following ligature-induced peridontitis were observed (Soletti et al., 2009) and 

cardiac effects. The cardiac effects associated with neonatal fluoxetine treatment 

were investigated in a study in which some of the experimental animals were also 

malnourished and included a decrease in heart weight regardless of nourishment at 

PND30 but not in adulthood, smaller cross- sectional heart area and smaller cardiac 

cell area and perimeter in nourished fluoxetine-exposed animals at PND30 when 

compared with nourished controls; there were no effects on heart weight: body 

weight ratio, cross-sectional heart perimeter, cross-sectional area or cross-sectional 

perimeter of cardiac cell nuclei (Toscano et al., 2008). 

 

1.7: Aims of the present research 

 

Few antidepressant drugs have been without later effects following early 

exposure/administration in rodent models. Many studies have focused on one drug, 

which makes comparison of different drug classes difficult due to methodological 

differences between these studies. The present research aims to provide a 

neurodevelopmental and behavioural characterisation of effects of exposure to the 

antidepressants amitriptyline and fluoxetine in early life, with some post-mortem 

investigations, in the rat. A number of differing exposure periods will be employed, 

with the purpose of mimicking the clinical scenario; these will include in utero 

exposure via maternal transfer; neonatal exposure via maternal transfer, both 

following oral gavage administration; exposure during both of these periods and 

neonatal exposure via direct drug administration with clomipramine as a comparator 

drug. The hypotheses of the present research are: 

• H0a: There is no effect of amitriptyline or fluoxetine on gestational body weight 

• H1a: There is an effect of amitriptyline or fluoxetine on gestational body weight 
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• H0b: There is no effect of in utero exposure to amitriptyline or fluoxetine on pup 

birth weight 

• H1b: There is an effect of in utero exposure to amitriptyline or fluoxetine on pup 

birth weight 

• H0c: There is no effect of in utero and/or neonatal exposure to amitriptyline or 

fluoxetine on pup body weight 

• H1c: There is an effect of in utero and/or neonatal exposure to amitriptyline or 

fluoxetine on pup body weight 

• H0d: There is no effect of direct administration of amitriptyline, fluoxetine or 

clomipramine on pup body weight 

• H1d: There is an effect of direct administration of amitriptyline, fluoxetine or 

clomipramine on pup body weight 

• H0e: There is no effect of in utero and/or neonatal exposure to amitriptyline or 

fluoxetine in the surface righting test 

• H1e: There is an effect of in utero and/or neonatal exposure to amitriptyline or 

fluoxetine in the surface righting test 

• H0f: There is no effect of in utero and/or neonatal exposure to amitriptyline or 

fluoxetine in the forelimb grip test 

• H1f: There is an effect of in utero and/or neonatal exposure to amitriptyline or 

fluoxetine in the forelimb grip test 

• H0g: There is no effect of in utero and/or neonatal exposure to amitriptyline or 

fluoxetine in the elevated plus maze  

• H1g: There is an effect of in utero and/or neonatal exposure to amitriptyline or 

fluoxetine in the elevated plus maze 

• H0h: There is no effect of direct administration of amitriptyline, fluoxetine or 

clomipramine in the elevated plus maze  

• H1h: There is an effect of direct administration of amitriptyline, fluoxetine or 

clomipramine in the elevated plus maze 

• H0i: There is no effect of in utero and/or neonatal exposure to amitriptyline or 

fluoxetine in the open field 

• H1i: There is an effect of in utero and/or neonatal exposure to amitriptyline or 

fluoxetine in the open field 
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• H0j: There is no effect of direct administration of amitriptyline, fluoxetine or 

clomipramine in the open field 

• H1j: There is an effect of direct administration of amitriptyline, fluoxetine or 

clomipramine in the open field 

• H0k: There is no effect of in utero and/or neonatal exposure to amitriptyline or 

fluoxetine in the Morris water maze 

• H1k: There is an effect of in utero and/or neonatal exposure to amitriptyline or 

fluoxetine in the Morris water maze 

• H0l: There is no effect of direct administration of amitriptyline, fluoxetine or 

clomipramine in the Morris water maze 

• H1l: There is an effect of direct administration of amitriptyline, fluoxetine or 

clomipramine in the Morris water maze 

• H0m: There is no effect of in utero and/or neonatal exposure to amitriptyline or 

fluoxetine in the forced swim test 

• H1m: There is an effect of in utero and/or neonatal exposure to amitriptyline or 

fluoxetine in the forced swim test 

• H0n: There is no effect of direct administration of amitriptyline, fluoxetine or 

clomipramine in the forced swim test 

• H1n: There is an effect of direct administration of amitriptyline, fluoxetine or 

clomipramine in the forced swim test 

• H0o: There is no effect of in utero exposure to amitriptyline or fluoxetine on 

monoamine concentration and turnover in the brain 

• H1o: There is an effect of in utero exposure to amitriptyline or fluoxetine on 

monoamine concentration and turnover in the brain 

• H0p: There is no effect of direct administration of amitriptyline, fluoxetine or 

clomipramine on monoamine concentration and turnover in the brain 

• H1p: There is an effect of direct administration of amitriptyline, fluoxetine or 

clomipramine on monoamine concentration and turnover in the brain  

• H0q: There is no effect of direct administration of amitriptyline, fluoxetine or 

clomipramine on tryptophan hydroxylase cell number in the dorsal raphe 

nucleus 
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• H1q: There is an effect of direct administration of amitriptyline, fluoxetine or 

clomipramine on tryptophan hydroxylase cell number in the dorsal raphe 

nucleus 
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Chapter 2: Materials and Methods 

 

2.1 Materials 

 

2.1.1 Animal husbandry 

 

Sprague-Dawley rats (male and female), Charles River (Margate, United Kingdom) 

Rat cages (42cm x 25.5cm x 13cm), North Kent Plastics (Coalville, United Kingdom) 

Water bottles, North Kent Plastics (Coalville, United Kingdom) 

Goldflakes bedding, W.M. Lillico and Son (Surrey, United Kingdom) 

Rat chow, Harlan Teklad (Loughborough, United Kingdom) 

Temperature/humidity monitor, Radionics Ltd. (Dublin, Ireland) 

PetLove Nestledown nesting material, Petworld (Galway, Ireland) 

Environmental enrichment (Toilet roll inserts and glove boxes) 

Weighing scales, Mason Technology (Dublin, Ireland) 

India ink, Windsor & Newton (Powells, Galway, Ireland) 

 

2.1.2 Behavioural equipment 

 

Stiff black paper for surface righting, Easons (Galway, Ireland) 

Forelimb grip, constructed by Ambrose O’Halloran (Pharmacology and Therapeutics, 

NUI, Galway) 

Open field, 75cm diameter with walls 41cm high, constructed by Ambrose 

O’Halloran (Pharmacology and Therapeutics, NUI, Galway) 

Elevated plus maze, arms 50cm long, walls of the closed arms 30cm high, 

constructed by Ambrose O’Halloran (Pharmacology and Therapeutics, NUI, Galway) 

Morris water maze pool, 2m diameter with 40cm high platform, Engineering & 

Design Plastics Ltd. (Cambridge, United Kingdom) 

Platform, HVA Image Labs (Buckingham, United Kingdom) 

Morris water maze lighting, Tim Kelly Electrical Contractors Ltd. (Mayo, Ireland) 

10 litre Pyrex beakers for forced swim test, Lennox (Dublin, Ireland) 

Ganz 1/3 CCTV cameras, Radionics (Dublin, Ireland) 

DVD+R, Tesco (Galway, Ireland) 
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2.1.3 Drugs and perfusion apparatus 

 

Distilled H2O 

Saline (0.89% NaCl), Sigma Aldrich (Wicklow, Ireland) 

Amitriptyline hydrochloride (Cat # A8404), Sigma Aldrich (Wicklow, Ireland) 

Fluoxetine hydrochloride (Cat # 11PM00777PL), Pinewood (Tipperary, Ireland) 

Pentobarbital sodium, Vetoquinol (Dublin, Ireland) 

1ml syringes, BD Microlance (Oxford, United Kingdom) 

Oral gavage needles, BD Microlance (Oxford, United Kingdom) 

Needles (26G x 10mm), BD Microlance (Oxford, United Kingdom) 

Insulin syringes (29G x 12.7mm), BD Microlance (Oxford, United Kingdom) 

Heparinised saline (5000U/L), Wockhardt UK Ltd (Wrexham, United Kingdom) 

Paraformaldehyde (Cat # CA3813), Lennox (Dublin, Ireland) 

Phosphate buffered saline (Cat # P4417), Sigma Aldrich (Wicklow, Ireland) 

Sucrose (Cat # A1125), Lennox (Dublin, Ireland) 

Sodium azide (Cat # S2002), Sigma Aldrich (Wicklow, Ireland) 

 

2.1.4 HPLC 

 

Distilled H2O, conductivity above 16.7 mΩ 

Citric acid monohydrate (Cat # 33114), Sigma Aldrich (Wicklow, Ireland) 

Sodium dihydrogen phosphate monohydrate (Cat # A1373), Applichem (Lennox; 

Dublin, Ireland) 

1-octane sulfonic acid sodium salt (Cat # O0133), Sigma Aldrich (Wicklow, Ireland) 

Ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA; Cat # 34549), 

Sigma Aldrich (Wicklow, Ireland) 

Methanol 215 (Cat # H409), Romil (Lennox; Dublin, Ireland) 

NaOH (Cat # 30620), Sigma Aldrich (Wicklow, Ireland) 

Reverse phase analytical column (Licro-sorb c18, length 250cm and internal 

diameter 4.0mm), Phenomenex (United Kingdom) 

Electrochemical detector, Shimadzu (Milton Keynes, United Kingdom) 

Merck-Hitachi D-2000 integrator, Agilent Technologies (Dublin, Ireland) 
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2.1.5 Tryptophan hydroxylase immunohistochemistry 

 

Freezing stage-sled microtome, Bright (Cambridgeshire, United Kingdom) 

Slides (Cat # 631-0112), Fisher Scientific (Dublin, Ireland) 

Stoppered Grenier pots, Cruinn Diagnostics (Dublin, Ireland) 

Polyclonal sheep anti-tryptophan hydroxylase antibody (Cat # AB1541), Millipore 

(Cork, Ireland) 

Biotin-SP-AffiniPure donkey anti-sheep IgG (H+L) (Cat # 713-065-003), Jackson 

ImmunoResearch (Suffolk, United Kingdom) 

Normal donkey serum (Cat # D9663), Sigma Aldrich (Wicklow, Ireland) 

Hydrogen peroxide (Cat # 216763), Sigma Aldrich (Wicklow, Ireland) 

Triton-X (Cat # T9284), Sigma Aldrich (Wicklow, Ireland) 

Vectastain ABC Kit (Cat # PK6100), Vector Labs (Peterborough, United Kingdom) 

3,3′-Diaminobenzidine tetrahydrochloride (DAB; Cat # D8001), Sigma Aldrich 

(Wicklow, Ireland) 

Alcohol (Cat # BX2428258), Lennox (Dublin, Ireland) 

Xylene (Cat # SX-002-1612), Lennox (Dublin, Ireland) 

DPX mountant (Cat #360294H), BDH Chemicals (Yorkshire, United Kingdom) 

Coverslips, Fisher Scientific (Dublin, Ireland) 

 

2.1.6 Computer software 

 

Microsoft Office, Microsoft Ireland (Dublin, Ireland) 

PASW Version 18, SPSS Inc. (Chicago, Illinois, USA) 

GraphPad Prism Version 5, GraphPad Software Inc. (La Jolla, California, USA) 

HP Chemstations for LC and LC/MS Systems, Agilent Technologies (Dublin, 

Ireland)  

Image J software, National Institute of Health (Bethesda, Maryland, USA) 

Ethovision® XT 7, Noldus (The Netherlands) 

Ethovision® XT 8.5, Noldus (The Netherlands) 
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2.2 Methods 
 

2.2.1 Animals 

 

All animal experimental work was conducted with the approval of the Animal Care 

and Research Ethics Committee (ACREC) of the National University of Ireland, 

Galway, under licence from the Irish Department of Health and Children and in 

compliance with European Communities Council directive 86/609 guidelines 

(Licence number B100/4346). Male (300-325g on arrival) and female (230-300g on 

arrival) Sprague-Dawley rats of the CD strain from Charles River (U.K.) rats were 

used for mating in all experiments.  

Following arrival, the animals were housed in the same room (3 females/cage, males 

housed singly) and allowed to habituate for 11 days before mating began, to allow 

synchronisation of female oestrus cycle. Females were handled daily from the day 

after arrival until mating. They were changed and weighed on days 5 and 8. Animals 

were kept in a light- and climate-controlled environment (12:12 light/dark cycle; 

lights on at 8am, with the exception of gestational period of study 1, in which 

females were kept on a reverse light/dark cycle), with a room temperature of 21 ± 

3oC and humidity of 30-55%. The timeline for habituation and mating is in Figure 

2.1. 

 

2.2.2 Mating 

 

Females were introduced to each male cage in a ratio of 3:1 at 8am on day 12 and 

left undisturbed for 72 hours. Day 13 in Figure 2.1 was denoted as gestational day 

(GD) 1. This timepoint was chosen as it was the midpoint of the 72 hours in which 

the females were housed with the males, thus allowing for a minimal possible error 

in calculation of GD1. After 72 hours, the females were removed from the male 

cages and housed singly with nesting material and environmental enrichment 

(cardboard tubes or boxes, a new one added each week during gestation and the 

neonatal period). 
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Figure 2.1: Timeline of habituation and mating 

 

2.2.3 Gestational period 

 

Following removal from male cages (on GD2), females were weighed daily. Food 

and water consumption was also measured daily. Weight gain was monitored closely 

to determine which females were pregnant and which were not; however all animals 

were treated as pregnant.  

 

2.2.4 Drug dosing 

 

Five studies were carried out altogether. In studies 1-4, drugs were administered by 

oral gavage (10mg/kg for amitriptyline, 5mg/kg for fluoxetine) in a volume of 

1ml/kg, with distilled water as the vehicle. In studies 1 and 2, dosing took place from 

GD7 until littering, while in studies 3 and 4, dosing took place from GD7 until 

postnatal day (PND) 21. In study 5, fluoxetine (10mg/kg), amitriptyline (10mg/kg) 

or clomipramine (20mg/kg) were administered to pups in the neonatal period from 

PND8-21 at a dose volume of 5ml/kg, with saline (0.89% NaCl) as the vehicle. 

Day 1
• Rats arrive

Days 2-11

• Females handled

• Females weighed and changed on days 5 and 8

• Males changed on day 9

Day 12
• Mating

Day 13
• Gestational day (GD) 1
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Further information on the dosing regime of each study is contained within the 

experimental design of each results chapter.  

 

2.2.5 Littering  

 

Upon littering, pups were sexed and weighed. The number of live and dead pups in 

each litter was noted. If littering occurred before 5pm, that day was designated as 

PND1. Pups were not culled to normalise litter sizes, in order to ensure that there 

were sufficient numbers in each group to allow for behavioural testing at four ages, 

in separate cohorts, later in life. However, pups from litters of n < 10 were excluded 

from analysis as they were noticeably heavier than those from litters of n ≥ 10.  

 

2.2.6 Body weight measurement 

 

Animals were weighed throughout the course of each study. In the neonatal period, 

animals were weighed at PND1, 2, 4, 8, 11, 15, 18 and 21 for studies 1-4; in study 5, 

animals were weighed daily from PND8-21. Each pup was weighed individually. 

During adolescence and adulthood, animals were weighed weekly. 

 

2.2.7 Neonatal tests 

 

2.2.7.1 Surface righting 

 

In this test, animals were placed in a supine position on a flat surface (see Figure 

2.2A) and the time taken to right themselves onto all four paws was measured, with a 

cut-off time of 30 seconds. If the animal did not right themselves during this time, 30 

seconds was given as the time taken to right. Each animal was tested once daily from 

PND2-5.  

 

2.2.7.2 Forelimb grip 

 

In this test, animals were placed with their forelimbs on a bar placed 18cm above a 

soft surface (Nestledown bedding) and the time the animal held onto the bar before 
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falling was recorded, up to a cut-off point of 15 seconds (see Figure 2.2B). Each 

animal was tested once on PND14 and 17.  

 

                    

 

Figure 2.2: A) Surface righting reflex (Hill et al., 2008) and B) forelimb grip 
apparatus. Figure A: Springer and Springer Protocols/Neuropeptide Techniques, 
2008, 131-149, Chapter 10: Developmental Milestones in the Newborn Mouse, Hill 
JM, Lim, MA & Stone MM, Figure 5, is given to the publication in which the 
material was originally published; with kind permission from Springer Science and 
Business Media 
 

2.2.8 Behavioural tests in later life 

 

2.2.8.1 Elevated plus maze 

 

The elevated plus maze (Pellow et al., 1985) is a test for anxiety-like behaviour that 

is based on the principle that rats will actively avoid an anxiogenic stimulus, such as 

a raised, non-enclosed, narrow walkway and instead prefer to remain in an enclosed 

walkway. The test was carried out on apparatus consisting of two open and two 

closed arms raised 55cm above the floor (see Figure 2.3). Each arm is 50cm long and 

the walls of the closed arms are 30cm high. A 60 watt light bulb was positioned 

above each open arm; the light intensity was 60 lux on these arms, compared with 25 

B A 
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lux on the closed arms. The animal was placed in the centre, facing an open arm and 

allowed to explore freely for 5 minutes. If the animal fell from the plus maze, they 

were replaced in the centre facing an open arm. The arena was cleaned with warm 

soapy water between each rat. The test was recorded by a camera positioned 140cm 

above the apparatus and saved to DVD. The time spent in the open arms and entries 

into the open arms were scored by Ethovision® XT 7 or 8.5. The percentage (of total 

time) time spent in the open arms and the percentage (of total arm entries) entries 

into the open arms were then calculated for each animal; these were the parameters 

measured in this test. The elevated plus maze was carried out at PND28, 56, 84 and 

112, in separate cohorts of animals in studies 1-4 and at PND56 and 84 in separate 

cohorts of animals in study 5. There were representatives from each litter at each 

testing age. 

 

Figure 2.3: Elevated plus maze apparatus 

 

2.2.8.2 Open field 

 

This test, first described in 1932 as a measure of reward-motivated behaviour, was 

adapted to measure locomotor activity and emotionality in a novel environment (Hall, 

1936). The apparatus consists of a white circular base of diameter 75cm with 

mirrored walls 41cm high and 4 60 watt light bulbs placed above the arena to give at 

least 200 lux (see Figure 2.4). The animal was placed in the centre of the arena and 

allowed to explore freely for 5 minutes. The test was recorded by a camera 

positioned 100cm above the apparatus and saved to DVD. The arena was cleaned 
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with warm soapy water between each rat. Distance moved (in cm) was scored by 

Ethovision® XT 7 or 8.5. The open field was carried out at PND28, 56, 84 and 112, 

in separate cohorts of animals in studies 1-4 and at PND56 and 84 in separate 

cohorts of animals in study 5. 

 

Figure 2.4: Open field apparatus 

 

2.2.8.3 Morris water maze 

 

The Morris water maze (Morris, 1984) measures spatial learning and memory as a 

rat learns to escape swimming by locating a submerged platform in a pool of water. 

The arena consists of a white pool of 2m diameter which is filled with water to a 

depth of 42cm (see Figure 2.5). A platform (40cm height, i.e. 2cm below the water 

level) is placed in one quadrant (Southwest) of the arena and 4 60 watt light bulbs 

are placed above the arena. The test involved two phases- acquisition and probe.  

The acquisition phase lasts for four days. Over four trials per day, the animal was 

released from a number of different points (see Table 2.1) and given 2 minutes to 

find the submerged platform, with the use of visual cues placed on a curtain around 

the arena. Once the platform was reached, the animal remained on it for ten seconds 

before being removed, dried and placed in a cage to await the next trial. Animals 

were tested in batches of four, with all animals in the batch being released from each 

point in sequence (see Table 2.1). The test was recorded by a camera positioned 

above the apparatus and saved to DVD. The path length (in cm), swim speed (in 

cm/s) and time taken to find the platform (in seconds) were scored by Ethovision® 
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XT 7 or 8.5. On the probe day, the platform was removed and the animal was placed 

in the maze for 2 minutes. The percentage time spent in the Southwest quadrant 

(where the platform had previously been located) was measured on this day. The 

Morris water maze was carried out from PND95-99 for study 1 and 2, PND73-83 for 

studies 3 and 4 and PND78-82 for study 5. 

 

Table 2.1: Typical plan for one batch of one acquisition day in the Morris water 
maze.  
 

Rat Trial Number Release Position 

1 1 North 

2 1 North 

3 1 North 

4 1 North 

1 2 East 

2 2 East 

3 2 East 

4 2 East 

1 3 Southeast 

2 3 Southeast 

3 3 Southeast 

4 3 Southeast 

1 4 Northwest 

2 4 Northwest 

3 4 Northwest 

4 4 Northwest 

 

 

Figure 2.5: Morris water maze apparatus 
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2.2.8.4 Forced swim test 

 

The forced swim test is a measure of behavioural despair, characterised by an 

increase in time spent immobile in an inescapable cylinder of water (see Figure 2.6). 

Animals were tested four at a time over two days- a pre-swim day and a swim day. 

On the pre-swim day, the animals were placed into cylinders of water (30cm deep, 

temperature 25 ± 2oC) and allowed to swim for 15 minutes. The animals were then 

removed, dried and returned to their home cages. On the swim day, the animals were 

reintroduced to the cylinders 24 hours after their pre-swim and left to swim for 5 

minutes, before once again being removed, dried and returned to their home cages. 

The cylinders were emptied and refilled with clean water between each set of four 

rats. The swim day was recorded to DVD for later manual scoring of immobility (see 

Figure 2.7), which was recorded when the animal was only making the minimum 

amount of movements necessary to keep their heads above water. The forced swim 

test was carried out at PND57-60. 

 

 

Figure 2.6: Forced swim test apparatus 
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Figure 2.7: Pictorial representation of the three states in the forced swim test (Cryan 

et al., 2002). Reprinted from Trends in Pharmacological Sciences, 23 (5), Cryan, 
Markou & Lucki, Assessing antidepressant activity in rodents: recent developments 
and future needs, 238-245, Copyright 2002, with permission from Elsevier 
 

2.2.9 Sacrificing of animals 

 

2.2.9.1 Decapitation 

 

For post-mortem investigations in fresh-frozen brain tissue, animals were sacrificed 

by decapitation. Immediately following decapitation, a cut was made in the skin on 

top of the head, which was pulled back to expose the skull. The optic ridge between 

the eyes was cracked with rongeurs and a cut was made along the midline of the 

skull in order to peel back the parietal and frontal bones. The optic nerve was 

severed and the brain was removed from the skull using forceps. The brains were 

then rapidly frozen on solid CO2 and stored at -80oC.   

 

2.2.9.2 Transcardial perfusion 

 

For post-mortem investigations in perfused brain tissue, animals were sacrificed by 

transcardial perfusion. Rats were terminally anaesthetised with 0.5ml pentobarbital 

Immobility    Swimming      Climbing 
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via intraperitoneal (i.p.) injection and observed until the animal did not respond to a 

pinch in the toe. The rat was then placed in a supine position and an incision was 

made in the abdomen, just below the ribcage, using a sharp scissors. The sternum 

was lifted with a pair of haemostats and the connective tissue and muscle underneath, 

including the diaphragm were cut to expose the heart. The ribs were also cut up to 

the clavicle and the entire ribcage was folded back and secured. A 25-gauge blunted 

needle, connected to an infusion pump delivering heparinised saline at a rate of 30 

rpm, was inserted into the left ventricle of the heart and on into the ascending aorta. 

The needle was clamped in position using a small, curved haemostats and small cut 

was made to the right atrium with a sharp scissors to reduce pressure. The 

descending aorta was clamped off using a curved haemostat so that only the upper 

part of the body would perfuse. The pump pressure was increased to 250 rpm and the 

rat was perfused with heparinised saline for 1 minute. The reservoir supplying the 

infusion pump was then switched from heparinised saline to ice-cold 

paraformaldehyde (4% in phosphate buffered saline, pH 7.4). The rat was perfused 

for 30 seconds at 250 rpm, before the pump was turned down to 90 rpm for 4 

minutes, with a vigorous muscle reaction in the upper body during the first minute 

indicating fixation. The animals were decapitated; brains were removed and post-

fixed in 4% paraformaldehyde overnight. They were then transferred to a 

cryoprotectant sucrose solution (25% in phosphate buffered saline with 0.1% sodium 

azide) and stored at 4oC until ready for cryosectioning.  

 

2.2.10 High Performance Liquid Chromatography (HPLC) with 

electrochemical detection for measurement of brain monoamines  

 

Mobile phase buffer (0.1 M citric acid, 0.1 M sodium dihydrogen orthophosphate, 

1.4 mM 1-octanesulphonic acid, 0.01 mM ethylenediaminetetraacetic acid and 10% 

methanol v/v, pH adjusted to 3.5), spiked with 2ng/20µl of the internal standard (N-

methyl-5-hydroxytryptamine; N-methyl-5-HT), was added to fresh frozen prefrontal 

cortex and striatum samples at a volume of 1ml/sample. Samples were sonicated and 

homogenates were centrifuged at 14000g for 15 minutes at 4˚C. A 20µl sample of 

supernatant was injected onto a reverse phase analytical column (Licro-sorb c18, 

length 250mm and internal diameter 4mm). A standard mix of 2ng/20µl of each 

monoamine compound to be detected (see below), along with the internal standard 
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N-methyl-5-HT was run daily alongside sample injection, with a mix run after every 

10th sample. The concentrations of the monoamine neurotransmitters dopamine (DA), 

noradrenaline (NA) and serotonin (5-hydroxytryptamine; 5-HT), as well as the 

metabolites 5-HIAA (5-hydroxyindole-3-acetic acid), DOPAC (3,4-

dihyroxyphenylacetic acid) and HVA (homovanillic acid, detected in striatal samples 

only) were determined using an electrochemical detector coupled with an integrator. 

Chromatograms were analysed with Agilent ChemStation for LC and LC/MS 

Systems. A sample chromatogram is shown in Figure 2.8. The concentrations were 

determined by using the retention time relative to the internal standard and the peak 

heights relative to the known concentrations in the mix. Results were expressed as 

ng/g weight of fresh tissue.  

Turnover of the monoamines 5-HT and dopamine was determined by dividing the 

concentration of monoamine by the concentration of metabolite (5-HIAA for 5-HT, 

DOPAC for dopamine), to give the ratio of monoamine to metabolite. 

 

Figure 2.8: Representative striatal sample chromatogram (NA- noradrenaline; 
DOPAC- 3,4-dihyroxyphenylacetic acid; DA- dopamine; 5-HIAA- 5-hydroxyindole-
3-acetic acid; 5-HT- serotonin) 
 

2.2.11 Tryptophan hydroxylase immunohistochemistry 

 

Immunohistochemistry (IHC) for the 5-HT precursor tryptophan hydroxylase (TPH) 

was carried out on sections of perfusion-fixed brain tissue at the level of the dorsal 

raphe nucleus. This region was chosen as it is a large serotonergic area in the brain. 

Sections of 40µm thickness were prepared using a freezing microtome. All sections 

were collected, with every 6th section used for IHC in free-floating sections. IHC was 
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carried out in stoppered Grenier pots, in a volume of 1ml of each solution per pot, 

with all incubations occurring under gentle agitation at room temperature (unless 

otherwise stated). Firstly, 3 washes in TBS, of 5 minute duration each, were carried 

out, followed by quenching of endogenous peroxidase activity in a solution of 10% 

methanol/3% H2O2 in distilled water for 5 minutes, followed then by 3 further 5 

minute washes in TBS.  Sections were then incubated for 1 hour in blocking solution 

(3% normal donkey serum in TBS with 2% Triton-X; TXTBS). Excess blocking 

solution was drawn off and sections were incubated overnight in primary antibody 

(polyclonal sheep anti-tryptophan hydroxylase) at a dilution of 1:1000 in TXTBS 

containing 1% normal donkey serum. The next morning, 3 TBS washes (10 minutes 

each) were performed and sections were incubated for 3 hours in biotinylated 

secondary antibody (Biotin-SP-AffiniPure donkey anti-sheep IgG) at a dilution of 

1:200 in TXTBS containing 1% normal donkey serum followed by 3 x 10 minute 

washes in TBS. Sections were then incubated for 2 hours in streptavidin-biotin-

horshradish-peroxidase complex (ABC complex), washed 3 times for 10 minutes 

each in TBS and incubated overnight at 4oC in tris-non-saline (TNS). The next day, 

sections were incubated in a 0.5% solution of diaminobenzidine tetrahydrochloride 

(DAB) in TNS containing 0.03% H2O2 until colour developed, following which 3 

TNS washes of 5 minutes each were carried out. Sections were placed into TBS 

containing a small amount of TXTBS and mounted onto gelatine-coated slides, 

which were left to air-dry overnight at room temperature. Sections were dehydrated 

by 5 minute exposures to increasing concentrations of alcohol (50%, 70%, 100% and 

100%), cleared in xylene (2 x 5 minute exposures), coverslipped using DPX 

mountant in a fume hood and left to air dry overnight.  

Image analysis was carried out using Image J software. The number of cells that 

were TPH-positive were counted using the cell counter macro, with the counter 

initialised between each image. The results of a cell count are depicted in Figure 2.9.  
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Figure 2.9: Cell counting in Image J 

 

2.2.12 Statistical analyses 

 

All statistical analyses were carried out using PASW Statistics Version 18 and a p 

value of less than at least 0.05 was considered statistically significant in all tests. 

Statistical tests used for each parameter are outlined in Table 2.2. Graphs were 

constructed in GraphPad Prism Version 5.  Details on graphical and tabular 

representation of data are outlined in each results chapter.  
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Table 2.2: Statistical tests used in the present research 
 

Parameter Statistical Test 

Gestational body weight Repeated Measures ANCOVA 
  
Birth weight Two-Way ANCOVA 
  
Neonatal and adolescent body 
weight 

Mann-Whitney U Test 

  
Adult body weight Independent t-Test  or Mann-Whitney U Test 

if data were non-parametric 
  
Surface righting, forelimb grip Friedman’s ANOVA by ranks followed by 

Mann-Whitney U tests and Wilcoxon Signed-
Rank multiple comparison tests  

  
Elevated plus maze, open field, 
probe trial of Morris water maze, 
forced swim test, monoamine levels 
and turnover, TPH density 

Two-Way ANOVA with SNK Post-Hoc, or 
Kruskal-Wallis ANOVA and Mann-Whitney 
U test if data were non-parametric 

  
Acquisition phase of Morris water 
maze 

Repeated Measures ANOVA 
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Chapter 3: Behavioural and neurochemical effects of in utero exposure to 

amitriptyline or fluoxetine 

 

3.1: Introduction 

 

As discussed in Chapter 1, there are a number of logistical and ethical challenges to 

assessing the effects of early life antidepressant exposure in a human population. 

Thus, the use of animals may allow information about later behavioural effects of 

antidepressant exposure to be gleaned. The neurodevelopmental stages in the rat 

which correspond to those in humans are well characterised and measurement of 

behavioural and neurochemical endpoints following exposure to antidepressant drugs 

during these stages in the rat may allow us to speculate as to possible correlates in 

humans. 

The drugs used in the present research, amitriptyline and fluoxetine, have been 

demonstrated to cross both the placenta (Heikkinen et al., 2001; Heikkinen et al., 

2002; Heikkinen et al., 2003; Hendrick et al., 2003b; Kim et al., 2006) and into the 

breast milk (Heikkinen et al., 2003; Kim et al., 2006; Kristensen et al., 1999; 

Yoshida et al., 1997) in humans. This in utero and neonatal availability of 

antidepressants means that the foetal/neonatal brain is exposed to a psychotropically 

active compound during early development. Infant plasma concentrations of 

fluoxetine and norfluoxetine (the active metabolite of fluoxetine) were 65% and 72% 

of maternal plasma concentrations at delivery; this fell to below 10% for both 2 

months after delivery (Heikkinen et al., 2003), thus it is possible that the infant is 

exposed to pharmacologically relevant doses of fluoxetine. No such studies of this 

type could be found for amitriptyline, but 8.2% of this drug, as well as 6.5% of the 

active metabolite nortriptyline, was found to cross the isolated human placenta 

(Heikkinen et al., 2001), compared with 8.7% for fluoxetine (Heikkinen et al., 2002). 

In Chapter 4, behavioural effects of exposure to amitriptyline and fluoxetine during 

the prenatal and/or postnatal period will be investigated. However, a number of 

infants are exposed to antidepressant drugs in utero only. For this reason, the 

experiments in this chapter are focused on investigating the behavioural and 

neurochemical effects (if any) of exposure to either amitriptyline or fluoxetine in 

utero only. 
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Amitriptyline is a tricyclic antidepressant (TCA) which exerts its antidepressant 

effects by blocking the reuptake of both serotonin (5-HT) and noradrenaline (NA), 

while fluoxetine is a selective 5-HT reuptake inhibitor (SSRI); neither drug has any 

discernable effect on the dopamine (DA) transporter (Tatsumi et al., 1997).  5-HT 

has been shown to guide the differentiation of neurons in tissue slices (Chubakov et 

al., 1986). This has been demonstrated with the observation that prenatal 

serotonergic depletion via maternal administration of the tryptophan hydroxylase 

inhibitor parachlorophenylalanine (PCPA) leads to decreases in hippocampal 

dendrites and synaptophysin at PND30, with the former still apparent at PND62 

(Mazer et al., 1997). These dendritic decreases in adulthood were coupled with 

cognitive deficits in both the interchangeable maze and the 8-arm radial maze; these 

changes in cognition are postulated by the authors to be due to disruption of the 

developmental role of 5-HT in the hippocampus.   

Prenatal PCPA exposure has been shown to decrease mRNA levels of the 5-HT1A 

receptor (Lauder et al., 2000). Interestingly, in the same study, prenatal exposure to 

the 5-HT1/2 receptor agonist 5-methoxytryptamine (5-MT) also resulted in a decrease 

in 5-HT1A receptor mRNA transcripts. In the neonatal period, prenatal exposure to a 

low dose of this drug resulted in inhibition of 5-HT neuron terminal outgrowth, 

while stimulation of outgrowth was seen following a high dose (Shemer et al., 1991). 

Thus, it would appear that both enhancement and inhibition of the serotonergic 

system early in life can result in neurochemical changes which endure past birth. A 

role for the 5-HT1A receptor in anxiety-like behaviour has been postulated; mice 

lacking this receptor have been proposed as a model of anxiety (Ramboz et al., 1998) 

as they displayed decreased time and entries into the open arm of the elevated plus 

maze, as well as decreased locomotor activity and time spent in the centre of an open 

field. The open field results, as well as anxiety-like behaviour in the light-dark box 

test, have been shown to be due to 5-HT1A autoreceptor, but not heteroreceptor 

knock-out (Richardson-Jones et al., 2011).  

A number of studies have investigated the effects of manipulation of the serotonergic 

system in the neonatal period on behaviour and neurochemistry in later life; this will 

be discussed in more detail in Chapter 5. 

In rats, effects on locomotor activity following prenatal exposure to fluoxetine (8 or 

12mg/kg, orally from GD6-20) have been dependent upon age of testing, with 

increases in the neonatal period (PND18), decreases in adolescence (PND35) and 
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decreases in early adulthood (PND56) following only the higher dose (Bairy et al., 

2007) all reported. On the other hand, prenatal fluoxetine (1, 5 or 12mg/kg orally 

from GD7-20) has also been found to have no effects in the open field at PND16, 45 

or 75 (Vorhees et al., 1994).  Post-mortem, male rats exposed prenatally to 

fluoxetine (10mg/kg, s.c. from GD13-20) had decreased 5-HT levels in the frontal 

cortex only at PND26 and in the midbrain only at PND70 (Cabrera-Vera et al., 1997). 

Regarding 5-HT transporters, rats exposed to fluoxetine prenatally had decreased 

density in a number of regions at PND28 in one study (Cabrera-Vera et al., 1998), 

but no effects at the same age in other studies by the same group (Cabrera-Vera et al., 

1997; Cabrera et al., 1994); no effects at PND70 were found in any of these studies. 

Later on in life however, a decrease in 5-HT transporter-like immunoreactive cells 

were seen to be decreased in the raphe nucleus, but not in any other brain region 

following prenatal and neonatal (10mg/kg, via osmotic minipump from GD14 for 14 

days) fluoxetine exposure (Forcelli et al., 2008). 

To the best of our knowledge, no studies have investigated behaviour following 

neonatal amitriptyline administration. Decreased open field activity at PND8 and 21, 

but not PND15, has been reported following prenatal exposure to this TCA (4mg/kg, 

s.c., throughout gestation) (Bigl et al., 1982); 5-HT levels in the brain were also 

decreased in adult rats in this study. Decreases in 5-HT levels have been shown to be 

age- and region-specific however, with no effects of prenatal amitriptyline exposure 

(10mg/kg, s.c., from GD2 until delivery) at PND30 or 180 and effects at PND60 

restricted to the striatum (Henderson et al., 1993).  

The tests mentioned above are analogous to parameters that can also be measured in 

humans. Other such parameters are body weight and reflex development. Decreased 

birth weight (Chambers et al., 2006; Oberlander et al., 2006; Simon et al., 2002) has 

been reported in some human studies of antidepressant use in pregnancy. Decreased 

birth weight has been attributed to premature delivery, which was also associated 

with antidepressant use in these studies.  In rats, effects of prenatal exposure to 

amitriptyline and fluoxetine on birth weight have been observed in some studies 

(Cabrera et al., 1994; Cagiano et al., 2008; da-Silva et al., 1999; Henderson et al., 

1990), but not all (Bigl et al., 1982; Forcelli et al., 2008; Fornaro et al., 2007; Johns 

et al., 2004).  

As outlined in the General Introduction (Chapter 1), the surface righting reflex 

develops early in the prenatal period and is indicative of normal motor development. 
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A trend towards an effect of prenatal amitriptyline on surface righting has been 

reported (Henderson et al., 1990), while no studies could be found which 

investigated the effects of prenatal exposure to fluoxetine. There have been some 

inconsistencies in effects on the surface righting reflex following prenatal exposure 

to other antidepressants, which are discussed in Chapter 1. Forelimb grip, or bar 

holding, is a measure of muscle strength and has not been measured following 

exposure to amitriptyline or fluoxetine either in utero or during the prenatal period. 

However, increases in the number of animals displaying this reflex following 

exposure to the monoamine oxidase inhibitors (MAOIs) iproniazid and 

isocarboxazid (Drago et al., 1985), as well as deficits seen following prenatal 

exposure to other psychotropic drugs such as diazepam (Nicosia et al., 2003), 

warrant its inclusion in the present research. 

The research outlined above provides the rationale for investigating the effect of 

manipulation of the serotonergic system during early development on birth weight 

and reflex development as well as locomotor, anxiety-like and cognitive behaviours 

later in life. In these experiments, levels of monoamines and their metabolites were 

also determined. In the studies outlined above (and in more detail in Chapter 1), 

there are variations in drug doses, routes of administration, duration and 

developmental period of exposure and ages of testing. The present experiments 

aimed to reconcile a number of these variations. To mirror the clinical situation, 

drugs were administered by oral gavage from GD7-21. This time period was chosen 

to fully encapsulate the prenatal period in which monoaminergic neurons begin to 

develop (from approximately GD10 onwards). The prenatal period was chosen for 

these first experiments, with the view to a later comparison of prenatal and postnatal 

drug exposure (which will be covered in Chapter 4). The doses of drug used 

(10mg/kg for amitriptyline; 5mg/kg for fluoxetine), were chosen to avoid any 

maternal toxicity or mortality. The LD50 (median lethal dose) for an acute oral dose 

of fluoxetine is 452mg/kg (Stark et al., 1985), however, chronic treatment with 

10mg/kg of fluoxetine administered intraperitoneally to adult male rats was found to 

result in some mortality (Cantor et al., 1999), although this was not seen if the drug 

was given at the end of the dark cycle. Also, administration of 12 or 12.5mg/kg/day 

of fluoxetine by oral gavage during gestation in rats were found to reduce gestational 

body weight (Byrd et al., 1994; Vorhees et al., 1994), but this did not occur 

following a 5mg/kg dose in either study; thus this dose was chosen for the present 
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research.   The LD50 of amitriptyline in the rat is 240mg/kg following an acute oral 

dose (material safety data sheet from http://www.sigmaaldrich.com, for product 

number A8404, amitriptyline hydrochloride). There have not been any studies which 

investigated the effects of oral administration of amitriptyline on gestational body 

weight, so the dose in the present study (10mg/kg) was chosen as it was the highest 

dose that had been used previously, although administered orally rather than 

subcutaneously. 

Surface righting (PND2-5) and forelimb grip (PND14 and 17) tests were carried out 

at ages that would reflect the development of these reflexes. Anxiety-like behaviour 

and locomotor activity testing were carried out at four ages (in separate cohorts), 

covering the early post-weaning period (PND28), adolescence (PND56) and 

adulthood (PND84 and PND112), while cognitive testing was carried out in 

adulthood only (PND95-99). Monoamine levels were also determined at each of 

these four ages. 

Thus, the aim of this chapter was to assess the effects of prenatal exposure to 

amitriptyline or fluoxetine on body weight, reflex development in the neonatal 

period, behaviour and monoamine levels in later life. 

 

3.2: Experimental Design 

 

This chapter will outline the results of two separate experiments. The first is an 

investigation into the developmental, behavioural and neurochemical effects of 

amitriptyline exposure in utero, while the second is an investigation into the effects 

of in utero exposure to fluoxetine on the same parameters.  

For both experiments, female rats were placed into a cage with a resident male (in a 

ratio of 3:1) for 72 hours. Gestational day (GD) 1 was designated as 48 hours after 

females were exposed to males. Following removal from male cages, females were 

singly housed. Drug administration (10mg/kg for amitriptyline; n=4, 5mg/kg for 

fluoxetine; n=4, both by oral gavage) was carried out once daily from GD7 until 

littering; controls received distilled water as the vehicle (1ml/kg; n=5 for study 1, 

n=9 for study 2). The day of birth was designated as postnatal day (PND) 1. The test 

battery carried out in both experiments is outlined in Figure 3.1. Immediately 

following elevated plus maze (EPM) and open field (OF) testing, animals were 

sacrificed by decapitation and brains were frozen on dry ice before storage at -80oC. 
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Levels of the monoamines (5-HT, NA and DA) and their metabolites (5-HIAA, 

DOPAC and HVA; the last of which was only detectable in striatal samples) were 

assessed by high-performance liquid chromatography (HPLC) coupled with 

electrochemical detection on samples from the frontal cortex and striatum as 

described in Section 2.2. 

 

 

 

Figure 3.1: Timeline for experiments covered in Chapter 3 

 

3.3: Results 

 

3.3.1: Prenatal exposure to amitriptyline 

 

3.3.1.1: Gestational body weight and birth outcomes 

 

All data were homogenous and approximately normal, thus a Repeated Measures 

ANCOVA was carried out to determine if amitriptyline had any effect on body 

weight during gestation. This test was chosen as the size of the litter may be a 
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confounding variable on the amount of weight gained, so litter size is included as a 

covariate.  

No significant effect of time was found (F13,78= 0.72, p= 0.735). No effect of drug, or 

any interaction between drug and time were found (F1,6= 0.02, p= 0.907 and F13,78= 

0.64, p= 0.815 respectively). An independent samples t-Test was carried out to 

determine if there were any effects of gestational administration of amitriptyline on 

litter size, with no significant differences seen (|t|7= 1.13, p= 0.296). An effect on 

ratio of male: female pups in each litter was seen following a Mann-Whitney U Test 

(U= 19.5, p< 0.05), with a higher ratio of males: females in amitriptyline-exposed 

litters. The body weight curve and total weight gain during gestation are depicted in 

Figure 3.2 and descriptive statistics for body weight and birth outcomes are 

summarised in Table A5 in the appendices and Tables 3.1 and 3.2. 
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Figure 3.2: (A) Body weight (g) throughout gestation and (B) Total weight gain (g) 
from gestational day 7-20 for animals exposed to control (n=5) or amitriptyline 
(n=4). Data are mean + standard deviation. 
 

3.3.1.2: Pup weight 

 

As data displayed normality and homogeneity of variance, a Two-Way ANCOVA 

was carried out to determine if there was an effect of in utero exposure to 

amitriptyline on birth weight in male and female pups, with litter size as a covariate. 

A significant drug effect was found (F1, 112= 7.28, p< 0.01), with birth weight for 

amitriptyline-exposed pups lower than control pups. There was no sex effect (F1, 112= 

2.4, p= 0.124) or interaction between sex and drug exposure (F1, 112= 0.08, p= 0.779). 

These effects are depicted in Figure 3.3 and descriptive statistics are summarised in 

Table A6 in the appendices. 
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Figure 3.3: Effects of in utero exposure to amitriptyline on birth weight (g) in male 
(n=24 for control and 31 for amitriptyline) and female (n=35 for control and 25 for 
amitriptyline) rat pups. Data are expressed as mean + standard deviation. There was 
an overall drug effect 
 

As the weight gain curves for male and female rats differ substantially, the two sexes 

will be analysed separately, in order not to mask any drug effects that may exist.  

 

As the data for neonatal body weight were not all normal and homogenous, and there 

were different numbers in each group, Mann-Whitney U tests were performed at 

each timepoint.  

In males, effects were seen at postnatal day (PND) 11 (U= 217, p< 0.01), 15 (U= 194, 

p< 0.01), 18 (U= 133.5, p< 0.001) and 22 (U= 213.5, p< 0.01), with amitriptyline -

exposed animals weighing less than their control counterparts at all of these 

timepoints. No drug effects were seen at PND2 (U= 321, p= 0.387), 4 (U= 452, p= 

0.175), 8 (U= 291.5, p= 0.172) or 28 (U= 305, p= 0.253).  The body weight curve is 

depicted in Figure 3.4 and descriptive statistics are summarised in Table A7 in the 

appendices. 

In females, effects were seen at postnatal day (PND) 4 (U= 632, p< 0.01), 11 (U= 

306.5, p< 0.05) and 18 (U= 262, p< 0.01); amitriptyline-exposed pups had higher 

body weight at PND4 and lower body weight at PND11 and 18 than control rats. 

There were no effects at PND2 (U= 507.5, p= 0.294), 8 (U= 341.5, p= 0.15), 15 (U= 

333, p= 0.117), 22 (U= 376, p= 0.356) or 28 (U= 363.5, p= 0.266). The body weight 

curve is depicted in Figure 3.4 and descriptive statistics are summarised in Table A7 

in the appendices. 
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Figure 3.4: Effects of in utero amitriptyline on body weight (g) in the neonatal 
period in (A) male rats (n=24 for control and 31 for amitriptyline) and (B) female 
rats (n=35 for control and 25 for amitriptyline). Data are expressed as median and 
interquartile range. ** p< 0.01 and *** p< 0.001 vs. control males,  + p<0.05 and ++ 
p< 0.01 vs. control females 

 

As the data for adolescent body weight (PND35-56) were not all normal and 

homogenous, and there were different numbers in each group, Mann-Whitney U 

tests were performed at each timepoint.  

In males, no effects of in utero exposure to amitriptyline on body weight were seen 

at any timepoint during the adolescent period (U= 220, p= 0.172 at PND35; U= 

215.5, p= 0.144 at PND42; U= 206.5, p= 0.1 at PND49 and U= 206, p= 0.098 at 

PND56). The body weight curve is depicted in Figure 3.5 and descriptive statistics 

are summarised in Table A8 in the appendices. 

Similarly, in females, no drug effects were seen at any age (U= 222, p= 0.34 at 

PND35; U= 216 p= 0.278 at PND42; U= 190.5, p= 0.101 at PND49 and U= 209, p= 

0.216 at PND56). The body weight curve is depicted in Figure 3.5 and descriptive 

statistics are summarised in Table A8 in the appendices. 

 

Adult body weight was measured from PND63-112. In males, although these data 

were normal and there were equal numbers in each group, they did not display 

homogeneity of variance and could not be transformed. Thus, Mann-Whitney U tests 

were performed at each timepoint. No effects of in utero exposure to amitriptyline on 

body weight were seen at any timepoint during adulthood (U= 85, p= 0.55 at PND63; 

U= 88, p= 0.646 at PND70; U= 85, p= 0.55 at PND77; U= 89, p= 0.679 at PND84; 

U= 32.5, p= 0.958 at PND91; U= 32, p= 1 at PND98; U= 27.5, p= 0.636 at PND105 

and U= 32, p= 1 at PND112). The body weight curve is depicted in Figure 3.5 and 

descriptive statistics are summarised in Table A9 in the appendices. 
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In females, all data displayed homogeneity of variance, but were not normal. 

However, a -1/x transformation was used and parametric statistics could be 

employed. An independent t-test was carried out at each timepoint. No effects of in 

utero exposure to amitriptyline on body weight were seen at any timepoint during 

adulthood (t30= 1.00, p= 0.325 at PND63; t30= 0.43, p= 0.669 at PND70; |t|30= 0.19, 

p= 0.853 at PND77; t30= 0.4, p= 0.69 at PND84; t14= 0.57, p= 0.578 at PND91; |t|14= 

0.8, p= 0.437 at PND98; |t|14= 0.2, p= 0.847 at PND105 and |t|14= 0.12, p= 0.906 at 

PND112). The body weight curve is depicted in Figure 3.5 and descriptive statistics 

are summarised in Table A9 in the appendices. 

35 42 49 56 63 70 77 84 91 98 105 112
0

100

200

300

400

500
Control

Amitriptyline

Males

Postnatal Day (PND)

B
o

d
y
 W

e
ig

h
t 

(g
)

35 42 49 56 63 70 77 84 91 98 105 112
0

100

200

300 Control

Amitriptyline

Females

Postnatal Day (PND)

B
o

d
y
 W

e
ig

h
t 

(g
)

 

Figure 3.5: Effects of in utero amitriptyline on body weight (g) in the adolescent 
and adult periods in (A) male rats (n=8-24 for control and 8-30 for amitriptyline) and 
(B) female rats (n=8-28 for control and 8-19 for amitriptyline). Data are expressed as 
median and interquartile range for males; mean + standard deviation for females. 
 
 
Table 3.1: Effects of in utero exposure to amitriptyline on litter size (n=4-5/group). 
Data are mean ± standard deviation.  
 
  Litter size 

Control  13±2.5 

Amitriptyline  15±1.4 

 
 
Table 3.2: Effects of in utero exposure to amitriptyline on male: female ratio in 
litters (n=4-5/group). Data are median and interquartile range. * p< 0.05 vs. controls 
 
  Male: Female ratio 

Control  0.38 (0.34-0.46) 

Amitriptyline  0.55 (0.51-0.66)* 

 

  

A B 
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3.3.1.3: Surface Righting (PND2-5) 

 

As the data were not all normal and homogenous, and could not be transformed, a 

Friedman’s ANOVA by Ranks was carried out, followed by Mann-Whitney U and 

Wilcoxon Signed-Rank multiple comparison tests.  A significant overall effect was 

found (Χ2
3 52.843, p< 0.001). Time taken to right was lower on PND5 than all other 

days; no other days differed from one another. On PND2 and 3, amitriptyline-

exposed animals took longer to right than control animals, while on PND4, females 

took longer to right than males. Although there was a significant overall interaction 

between drug exposure and sex on PND4, multiple comparisons were non-

significant. The descriptive statistics for the surface righting test are summarised in 

Table 3.3. 

 

Table 3.3: Effects of in utero exposure to amitriptyline on time to right (s) in the 
surface righting reflex test (n=25-35/group). Overall, amitriptyline-exposed animals 
had increased time to right on PND2 and 3; while females had increased time to right 
on PND4. Data are median and interquartile range 
 
    PND2 PND3 PND4 PND5 

Male Control  6 (2.5-11) 6 (2-15) 2 (2-8.5) 2 (2-3) 

Amitriptyline  6 (3-20) 11 (4-16) 3 (2-8) 2 (1-5) 

      

Female Control  5 (3-10) 7 (3-14) 8 (3-18) 2 (2-5) 

Amitriptyline  13 (3.75-26.25) 14 (7-25) 4.5 (2-29.25) 3 (1.75-10.75) 

 

 

3.3.1.4: Forelimb grip (PND14 and 17) 

 

As the data were not all normal and homogenous, and could not be transformed, thus 

a Wilcoxon Signed-Rank and Mann-Whitney U tests were performed. A significant 

effect of testing day was found (W= 6.182, p< 0.001), as animals were able to stay 

on the bar for longer on PND17 than PND14. No effects of drug (U= 1691, p= 0.198 

for PND14; U= 2027, p= 0.68 for PND17), sex (U=2061.5, p= 0.59 for PND14; U= 

2069, p= 0.535 for PND17) or an interaction between the two (K= 3.001, p= 0.392 

for PND14; K= 0.657, p= 0.883 for PND17) were found at either age. The 

descriptive statistics for the forelimb grip test are summarised in Table 3.4. 
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Table 3.4: Effects of in utero exposure to amitriptyline on time to stay on the bar (s) 
in the forelimb grip test (n=25-38/group). Data are median and interquartile range 
 
    PND14 PND17 

Male Control  9 (5-14.75) 13 (9-15) 

Amitriptyline  6 (2-11) 15 (8-15) 

    

Female Control  9 (3.5-14.5) 15 (8.5-15) 

Amitriptyline  8 (4.5-12) 15 (10-15) 

 

3.3.1.5: Elevated Plus Maze (PND28, 56, 84 and 112) 

 

The parameters measured in the elevated plus maze (EPM) were percentage time 

spent in the open arms (%OAT) and percentage entries into the open arms (%OAE). 

The data were all approximately normal and displayed homogeneity of variance, so 

Two-Way ANOVAs were carried out at each age, with amitriptyline exposure and 

sex as the independent variables.  

At PND28, there was no effect of in utero amitriptyline exposure, sex or an 

interaction between the two on %OAT (F1,19= 0.61, p= 0.445 for drug; F1,19= 0.3, p= 

0.201 for sex; F1,19= 0.01, p= 0.922 for interaction) or %OAE (F1,19= 0.07, p= 0.797 

for drug; F1,19= 0.3, p= 0.589 for sex; F1,19= 2.35, p= 0.142 for interaction). 

At PND56, there was no effect of in utero amitriptyline exposure, sex or an 

interaction between the two on %OAT (F1,20= 0.83, p= 0.372 for drug; F1,20= 2.93, 

p= 0.103 for sex; F1,20= 0.08, p= 0.781 for interaction). No sex effect was found 

on %OAE (F1,20= 0.003, p= 0.957), however both a drug effect and interaction effect 

were found on this parameter (F1,20= 4.92, p< 0.05 for drug; F1,20= 7.12, p< 0.05 for 

interaction); Post-Hoc Student-Newman-Keuls analysis revealed that amitriptyline-

exposed animals had fewer entries into the open arms in females, but not males.  

At PND84, there was no effect of in utero amitriptyline exposure, sex or an 

interaction between the two on %OAT (F1,20= 1.3, p= 0.267 for drug; F1,20= 0.54, p= 

0.47 for sex; F1,20= 0.17, p= 0.685 for interaction) or %OAE (F1,20= 0.001, p= 0.974 

for drug; F1,20= 0.02, p= 0.879 for sex; F1,20= 1.02, p= 0.326 for interaction). 

At PND112, there was no effect of in utero amitriptyline exposure or an interaction 

between drug and sex on %OAT (F1,28= 0.004, p= 0.951 for drug; F1,28= 0.08, p= 

0.777 for interaction), although an effect of sex was seen on this parameter (F1,28= 

11.91, p< 0.01), with %OAT higher in females than males. Regarding %OAE, no 
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effects of drug exposure or sex were seen (F1,28= 1.57, p= 0.221 for drug; F1,28= 2.91, 

p= 0.099 for sex), but an interaction between these two variables was seen (F1,28= 

4.64, p< 0.05); no differences were apparent in a Student-Newman-Keuls Post-Hoc 

analysis, however an LSD analysis revealed that amitriptyline-exposed females had 

more entries into the open arms than all other groups. 

The results for %OAT and %OAE are depicted in Figure 3.6; and descriptive 

statistics for both are summarised in Table A10 in the appendices. 
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Figure 3.6: Effects of in utero exposure to amitriptyline on (A) percentage entries 
into the open arm and (B) percentage time spent in the open arm of the elevated plus 
maze in male and female rats (n=5-8 for all groups) at PND28, 56, 84 or 112. Data 
are expressed as mean + standard deviation. + p< 0.05 vs. control females. 

 

3.3.1.6: Open Field (PND28, 56, 84 and 112) 

 

The parameter measured in the open field (OF) was distance moved (cm). The data 

were all approximately normal and displayed homogeneity of variance, so Two-Way 

ANOVAs were carried out at each age, with amitriptyline exposure and sex as the 

independent variables.  

B 

A 
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At PND28, there was no effect of in utero amitriptyline exposure, sex or an 

interaction between the two on distance moved (F1,19= 1.98, p= 0.175 for drug; 

F1,19= 0.008, p= 0.932 for sex; F1,19= 0.81, p= 0.381 for interaction). 

At PND56, there was no effect of in utero amitriptyline exposure or an interaction 

between drug exposure and sex on distance moved (F1,20= 1.04, p= 0.32 for drug; 

F1,20= 0.000, p= 0.987 for interaction), however there was a significant sex effect 

(F1,20= 8.56, p< 0.01). Females had higher distance moved than males. 

At PND84, there was a significant effect of in utero amitriptyline exposure, sex and 

an interaction between the two (F1,20= 5.3, p< 0.05 for drug; F1,20= 8.86, p<0.01 for 

sex; F1,20= 4.79, p< 0.05 for interaction). Post-Hoc Student-Newman-Keuls analysis 

revealed that control females had higher distance moved than all other groups.  

At PND112, there was no effect of in utero amitriptyline exposure, sex or an 

interaction between the two on distance moved (F1,28= 0.23, p= 0.636 for drug; 

F1,28= 3.54, p= 0.07 for sex; F1,28= 0.1, p= 0.757 for interaction). 

The results are depicted in Figure 3.7 and descriptive statistics are summarised in 

Table A11 in the appendices. 
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Figure 3.7: Effects of in utero exposure to amitriptyline on distance moved (cm) in 
the open field in male and female rats (n=5-8 for all groups) at PND28, 56, 84 or 112. 
Data are expressed as mean + standard deviation. * p<0.05 vs. control males; + 
p<0.05 vs. control females 
 

3.3.1.7: Morris Water Maze (PND95-99) 

 

The parameters measured in the Morris water maze (MWM) were path length (cm), 

swim speed (cm/s) and time taken to find the platform (s) from acquisition days 1-4. 

On day 5, (probe test), the percentage time spent in the southwest quadrant was 

measured. The data were all approximately normal and displayed homogeneity of 
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variance, so Repeated Measures ANOVAs were carried out at for path length, swim 

speed and time to find the platform; a Two-Way ANOVA was carried out for 

percentage time spent in the southwest quadrant. Amitriptyline exposure and sex 

were the independent variables.  

For path length, there was an effect of acquisition day (F3,60= 55.39, p< 0.001), with 

a decrease in this parameter over each day. There was no interaction between day 

and any independent variable (F3,60= 1.32, p= 0.275 for day*drug, F3,60= 0.44, p= 

0.724 for day*sex and F3,60= 0.41, p= 0.747 for day*drug*sex). There was no overall 

effect of drug exposure (F1,20= 1.07, p= 0.313) or sex (F1,20= 0.64, p= 0.435) on path 

length, however there was an interaction effect between these two parameters (F1,20= 

4.92, p< 0.05) but no differences between groups were seen in Post-Hoc analysis. 

For swim speed, there was an effect of acquisition day (F3,60= 31.98, p< 0.001), with 

a decrease in this parameter over each day. There was no interaction between day 

and any independent variable (F3,60= 0.3, p= 0.823 for day*drug, F3,60= 0.34, p= 0.8 

for day*sex and F3,60= 0.49, p= 0.688 for day*drug*sex). There was no overall effect 

of drug exposure (F1,20= 0.26, p= 0.615), sex (F1,20= 0.7, p= 0.414) or an interaction 

between the two (F1,20= 0.53, p= 0.474). 

For time taken to find the platform, there was an effect of acquisition day (F3,60= 

52.3, p< 0.001), with a decrease in this parameter over each day. There was no 

interaction between day and any independent variable (F3,60= 0.67, p= 0.574 for 

day*drug, F3,60= 0.24, p= 0.865 for day*sex and F3,60= 0.39, p= 0.759 for 

day*drug*sex). There was no overall effect of drug exposure (F1,20= 0.18, p= 0.675), 

sex (F1,20= 1.88, p= 0.185) or an interaction between the two (F1,20= 2.034, p= 0.169). 

Regarding percentage time spent in the southwest quadrant during the probe test, 

there was no overall effect of drug exposure (F1,20= 3.47, p= 0.077), sex (F1,20= 0.24, 

p= 0.63) or an interaction between the two (F1,20= 1.75, p= 0.201). 

Morris Water Maze results are depicted in Figure 3.8 and descriptive statistics are 

summarised in Table A12 in the appendices. 
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Figure 3.8: Effects of in utero exposure to amitriptyline (AMI) on (A) path length (cm); (B) swim speed (cm/s); (C) time taken to find the 
platform (s) and (D) percentage time spent in the southwest quadrant in the Morris water maze in male and female rats (n=6 for all groups). A, B 
and C are over acquisition days 1-4, D is the probe trial, with the dashed line at 25% showing the likelihood that the rat will be in this quadrant. 
Data are expressed as mean + standard deviation 
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3.3.1.8: Determination of monoamine (and metabolite) levels  

 

For determination of monoamine levels (and their metabolites), the data are 

presented as percentage of average control values. HPLC analysis was carried out in 

the frontal cortex and striatum at PND28, 56, 84 and 112; each monoamine is 

presented separately. Turnover is presented as the ratio of monoamine to metabolite. 

 

For NA levels at PND28, data were not all normal and homogeneity of variance 

could not be determined due to low group sizes, thus non-parametric statistics were 

carried out. There was no effect of either sex (U= 25, p= 0.491), drug exposure (U= 

45, p= 0.104) or an interaction between the two (K3= 4.695, p= 0.196) on levels in 

the frontal cortex. In the striatum, There was no effect of either sex (U= 34, p= 

0.369), drug exposure (U= 50, p= 0.62) or an interaction between the two (K3= 1.693, 

p= 0.639) on NA levels at PND28.  

At PND56 and 84, data were parametric. There was no effect of either drug exposure 

(F1,20= 0.02, p= 0.879), sex (F1,20= 0, p= 0.992) or an interaction between the two 

(F1,20= 0, p= 0.992) on NA levels in the frontal cortex. In the striatum, there was no 

effect of either drug exposure (F1,20= 0.48, p= 0.496), sex (F1,20= 0.45, p= 0.508) or 

an interaction between the two (F1,20= 0.45, p= 0.508).  

At PND84, there was no effect of either drug exposure (F1,20= 0.02, p= 0.903), sex 

(F1,20= 0.45, p= 0.511) or an interaction between the two (F1,20= 0.45, p= 0.512) on 

NA levels in the frontal cortex. There was no effect of sex (F1,20= 0.31, p= 0.586) or 

an interaction between drug exposure and sex (F1,20= 0.31, p= 0.586) on NA levels in 

the striatum. There was a drug effect (F1,20= 9.05, p< 0.01), with increased NA levels 

in amitriptyline-exposed animals. There were not enough samples to determine NA 

levels in either the frontal cortex or striatum at PND112. Descriptive statistics for 

NA levels in the frontal cortex and striatum are presented in Table 3.5. 

 

For DA levels, data were parametric with the exception of the frontal cortex at 

PND56 and 112. There were not enough samples to determine DA levels at PND28 

in the frontal cortex, while in the striatum, there were no effects of either drug 

exposure (F1,18= 0.14, p= 0.717), sex (F1,18= 2.05, p= 0.17) or an interaction between 

the two (F1,18= 2.05, p= 0.17) at PND28.  
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In the frontal cortex, there was no effect of drug exposure (U= 72, p= 0.231), sex 

(U= 79, p= 0.076) or an interaction between the two (K3= 7.564, p= 0.056) at PND56; 

similarly, there was no effect of either drug exposure (F1,19= 0.09, p= 0.763), sex 

(F1,19= 2.58, p= 0.125) or an interaction between the two (F1,19= 2.58, p= 0.125) on 

striatal DA levels at PND56.  

There were not enough samples to determine DA levels at PND84 in the frontal 

cortex, while in the striatum, there was no effect of drug exposure (F1,20= 1.14, p= 

0.298), sex (F1,20= 0.03, p= 0.867) or an interaction between the two (F1,20= 0.03, p= 

0.867) on DA levels at PND84. 

There was no effect of either drug exposure (U= 68, p= 0.411), sex (U= 79, p= 0.797) 

or an interaction between the two (K3= 2.587, p= 0.46) on DA levels at PND112 in 

the frontal cortex, similarly, there was no effect of either drug exposure (F1,28= 0.51, 

p= 0.48), sex (F1,28= 1.66, p= 0.209) or an interaction between the two (F1,28= 1.66, 

p= 0.209) on DA levels in the striatum at PND112. Descriptive statistics for DA 

levels in the frontal cortex and striatum are presented in Table 3.6. 

 

For 5-HT levels, data were parametric with the exception of the frontal cortex at 

PND28. At PND28, there was no effect of either sex (U= 19, p= 0.062) or drug 

exposure (U= 45, p= 0.556) on cortical 5-HT levels at PND28. There was an 

interaction between the two (K3= 8.261, p< 0.05), as amitriptyline-exposed females 

had lower 5-HT levels than amitriptyline-exposed males. In the striatum, there was 

no effect of either drug exposure (F1,17= 0.01, p= 0.911), sex (F1,17= 0, p= 0.988) or 

an interaction between the two (F1,17= 0, p= 0.987) on 5-HT levels at PND28. 

There was no effect of either drug exposure (F1,20= 2.72, p= 0.115), sex (F1,20= 0.01, 

p= 0.923) or an interaction between the two (F1,20= 0.01, p= 0.923) on 5-HT levels in 

the frontal cortex at PND56. Similarly, there was no effect of either drug exposure 

(F1,20= 0.05, p= 0.826), sex (F1,17= 0.01, p= 0.945) or an interaction between the two 

(F1,17= 0.01, p= 0.945) on striatal 5-HT levels at PND56. 

At PND84, there was no effect of either drug exposure (F1,19= 0.43, p= 0.522), sex 

(F1,19= 1.51, p= 0.235) or an interaction between the two (F1,19= 1.51, p= 0.235) on 

5-HT levels n the frontal cortex. There was no effect of sex (F1,20= 0.32, p= 0.58) or 

an interaction between sex and drug exposure (F1,20= 0.32, p= 0.58) on striatal 5-HT 

levels at PND84. There was an effect of drug exposure (F1,20= 5.35, p< 0.05), with 

higher 5-HT levels in amitriptyline-exposed animals. 
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In the frontal cortex, there was no effect of either drug exposure (F1,28= 3.66, p= 

0.066), sex (F1,28= 0.24, p= 0.625) or an interaction between the two (F1,28= 0.24, p= 

0.625) on 5-HT levels at PND112. Similarly, there was no effect of drug exposure 

(F1,26= 3.78, p= 0.063), sex (F1,26= 0.78, p= 0.385) or an interaction between the two 

(F1,26= 0.78, p= 0.385) on striatal 5-HT levels at PND56. Descriptive statistics for 5-

HT levels in the frontal cortex and striatum are presented in Table 3.7. 

 

DOPAC levels at all ages in both the frontal cortex and striatum were parametric. 

There were not enough samples to determine DOPAC levels at PND28 in the frontal 

cortex. At PND28 in the striatum, there was no effect of drug exposure (F1,18= 2.41, 

p= 0.138), sex (F1,18= 0.7, p= 0.413) or an interaction between the two (F1,18= 0.7, p= 

0.413) on DOPAC levels. 

At PND56, there was no effect of drug exposure (F1,18= 0.71, p= 0.412), sex (F1,18= 

1.28, p= 0.273) or an interaction between the two (F1,18= 1.28, p= 0.273) on levels of 

DOPAC in the frontal cortex. In the striatum, there was no effect of drug exposure 

(F1,19= 0.22, p= 0.644) on DOPAC levels at PND56. There was an effect of sex 

(F1,19= 7.42, p< 0.05) and an interaction between drug exposure and sex (F1,19= 7.42, 

p< 0.05) on DOPAC levels, with higher levels in female amitriptyline-exposed 

animals compared with their male counterparts.  

In the frontal cortex at PND84, there was no effect of drug exposure (F1,16= 0.06, p= 

0.806), sex (F1,16= 0.04, p= 0.837) or an interaction between the two (F1,16= 0.04, p= 

0.837) on levels of DOPAC. Similarly, in the striatum, there was no effect of drug 

exposure (F1,20= 0.37, p= 0.55) sex (F1,20= 0.46, p= 0.503) or an interaction between 

the two (F1,20= 0.47, p= 0.503) on DOPAC levels at PND84. 

At PND112 in the frontal cortex, there was no effect of drug exposure (F1,18= 0.26, 

p= 0.619), sex (F1,18= 2.04, p= 0.17) or an interaction between the two (F1,18= 2.04, 

p= 0.17) on levels of DOPAC. In the striatum, there was no effect of drug exposure 

(F1,28= 0.02, p= 0.892) sex (F1,28= 3.15, p= 0.087) or an interaction between the two 

(F1,28= 3.16, p= 0.087) on levels of DOPAC at PND112. Descriptive statistics for 

DOPAC levels in the frontal cortex and striatum are presented in Table 3.8. 

 

Data for 5-HIAA levels were approximately normal and displayed homogeneity of 

variance and so were analysed parametrically. There was no effect of drug exposure 

(F1,18= 2.88, p= 0.107), sex (F1,18= 0.13, p= 0.726), or an interaction effect (F1,18= 
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0.13, p= 0.726) on 5-HIAA levels in the frontal cortex at PND28. In the striatum, 

there was no effect of drug exposure (F1,18= 0.45, p= 0.51), sex (F1,18= 0.14, p= 

0.711) or an interaction between the two (F1,18= 0.14, p= 0.711) on levels of 5-HIAA 

at PND28. 

In the frontal cortex at PND56, there was no effect of drug exposure (F1,20= 0.51, p= 

0.482), sex (F1,20= 0.06, p= 0.803) or an interaction between the two (F1,20= 0.06, p= 

0.803) on levels of 5-HIAA. In the striatum, there was no effect of drug exposure 

(F1,20= 0.20, p= 0.656), sex (F1,20= 0.01, p= 0.921) or an interaction between drug 

exposure and sex (F1,20= 0.01, p= 0.921) on 5-HIAA levels at PND56.  

At PND84, there was no effect of drug exposure (F1,20= 2.09, p= 0.164), sex (F1,20= 

0.17, p= 0.689) or an interaction between the two (F1,20= 0.17, p= 0.689) on levels of 

5-HIAA in the frontal cortex. Similarly, in the striatum, there was no effect of drug 

exposure (F1,20= 3.08, p= 0.095), sex (F1,20= 0.01, p= 0.906) or an interaction 

between the two (F1,20= 0.01, p= 0.907) on 5-HIAA levels at PND84. 

In the frontal cortex at PND112, there was no effect of drug exposure (F1,28= 1.74, 

p= 0.19), sex (F1,28= 0.02, p= 0. 893) or an interaction between the two (F1,28= 0.33, 

p= 0.569) on levels of 5-HIAA. In the striatum, there was no effect of drug exposure 

(F1,28= 1.59, p= 0.217), sex (F1,28= 0.09, p= 0.357) or an interaction between the two 

(F1,28= 0.09, p= 0.357) on levels of 5-HIAA at PND112. Descriptive statistics for 5-

HIAA levels in the frontal cortex and striatum are presented in Table 3.9. 

 

HVA levels were analysed parametrically, but were only detected in the striatum. At 

PND28, there was no effect of drug exposure (F1,18= 0.42, p= 0.525), sex (F1,18= 

0.14, p= 0.716) or an interaction between the two (F1,18= 0.14, p= 0.716) on HVA 

levels. At PND56, there was no effect of drug exposure (F1,19= 0.41, p= 0.53) on 

HVA levels. There was an effect of sex (F1,19= 4.71, p< 0.05) and an interaction 

between drug exposure and sex (F1,19= 4.72, p< 0.05), with higher levels of HVA in 

female amitriptyline-exposed animals compared with their male counterparts. At 

PND84, there was no effect of drug exposure (F1,20= 3.08, p= 0.094), sex (F1,20= 

0.31, p= 0.583) or an interaction between the two (F1,20= 0.31, p= 0.583) on HVA 

levels. Similarly, at PND112, there was no effect of drug exposure (F1,27= 0.28, p= 

0.599), sex (F1,27= 2.9, p= 0.099) or an interaction between the two (F1,27= 2.9, p= 

0.099) on HVA levels in the striatum. Descriptive statistics for HVA levels in the 

frontal cortex and striatum are presented in Table 3.10.   
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5-HT turnover in the frontal cortex was analysed non-parametrically at PND28 and 

parametrically at PND56, 84 and 112; turnover in the striatum was analysed 

parametrically at all ages. 

There was no effect of drug exposure (U= 49, p= 0.342), sex (U= 33, p= 0.534), or 

an interaction between the two (K3= 4.14, p= 0.247) on cortical 5-HT turnover at 

PND28. Similarly, at PND56, there was no effect of drug exposure (F1,20= 2.02, p= 

0.17), sex (F1,20= 0.21, p= 0.651) or an interaction between the two (F1,20= 0, p= 

0.993). This lack of effect of drug exposure (F1,19= 0.14, p= 0.715), sex (F1,19= 2.49, 

p= 0.131) or an interaction between the two (F1,19= 0.06, p= 0.817) was also seen at 

PND84. No effects were seen at PND112 (F1,28= 0.93, p= 0.343 for drug; F1,28= 1.77, 

p= 0.194 for sex; F1,28= 1.11, p= 0.302 for interaction). 

There was no effect of drug exposure (F1,17= 0.9, p= 0.357), sex (F1,17= 0.09, p= 0.77) 

or an interaction between the two (F1,17= 0.23, p= 0.639) on 5-HT turnover in the 

striatum at PND28. At PND56, there was no effect of drug (F1,20= 0.13, p= 0.747) or 

an interaction between sex and drug exposure (F1,20= 0.05, p= 0.823); there was a 

sex effect (F1,20= 5.11, p< 0.05), as males had higher 5-HT turnover than females at 

this age. There was no effect of drug exposure (F1,20= 0.37, p= 0.549), sex (F1,20= 

0.33, p= 0.573) or an interaction between the two (F1,20= 0.19, p= 0.667) on 5-HT 

turnover in the striatum at PND84. No effects of sex (F1,26= 3.5, p= 0.073) or an 

interaction between drug exposure and sex (F1,26= 0.06, p= 0.805) were seen at 

PND112. There was an effect of drug exposure (F1,26= 4.79, p< 0.05), as 

amitriptyline-exposed animals had higher 5-HT turnover than controls. Descriptive 

statistics are presented in Table 3.11. 

 

Dopamine turnover in the frontal cortex was analysed non-parametrically at PND56 

and 112; turnover in the striatum was analysed parametrically at all ages. 

There was no effect of sex (U= 37, p= 0.396) on dopamine turnover in the frontal 

cortex at PND56; there was an effect of drug (U= 12, p< 0.01), as amitriptyline-

exposed animals had lower turnover. There was also an interaction effect (K3= 8.82, 

p< 0.05), but pairwise comparisons revealed no differences between groups. At 

PND112, There was no effect of drug exposure (U= 50, p= 0.402), sex (U= 40, p= 1)  

or an interaction between the two (K3= 2.22, p= 0.528) at PND112. 

There was no effect of drug exposure (F1,18= 3.18, p= 0.091), sex (F1,18= 0.03, p= 

0.872) or an interaction between the two (F1,18= 2.93, p= 0.104) on dopamine 
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turnover in the striatum at PND28. Similarly, at PND56, there was no effect of drug 

exposure (F1,19= 0.89, p= 0.357), sex (F1,19= 0, p= 0.974) or an interaction between 

the two (F1,19= 1.88, p= 0.186). There was no effect of drug exposure (F1,20= 0, p= 

0.968), sex (F1,20= 1.26, p= 0.275) or an interaction between the two (F1,20= 0.27, p= 

0.612) on dopamine turnover in the striatum at PND84. Similarly, at PND112, there 

was no effect of drug exposure (F1,27= 1.39, p= 0.25), sex (F1,27= 0.13, p= 0.724) or 

an interaction between the two (F1,27= 0.01, p= 0.909). Descriptive statistics are 

presented in Table 3.12. 
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Table 3.5: Effects of in utero exposure to amitriptyline on levels of NA (ng/g tissue) in the frontal cortex and striatum at PND28, 56, 84 
and 112 (n=3-6/group). Data are median and interquartile range for PND28; mean ± standard deviation for PND56 and 84. Top row of 
control values are actual neurotransmitter levels, bottom row and amitriptyline values are percentage of control. An overall drug effect 
was seen in the striatum at PND84, with increased NA levels in amitriptyline-exposed animals. ND = not determined 

 
  Frontal Cortex  Striatum 

    PND28 PND56 PND84 PND112  PND28 PND56 PND84 PND112 

Male Control 98 (97-106) 
97 (97-106) 

210±19 
100±9 

196±35 
100±18 

ND  187 (124-222) 
84 (71-136) 

201±78 
100±55 

180±60 
100±31 

ND 

Amitriptyline  129 (118-ND) 99±20 107±23 ND  104 (93-142) 123±43 152±45 ND 

           

Female Control 105 (74-128) 
101 (71-123) 

217±37 
100±17 

192±29 
100±15 

ND  200 (155-273) 
93 (79-117) 

193±36 
100±20 

200±69 
100±17 

ND 

Amitriptyline  106 (73-ND) 99±17 95±28 ND  83 (71-ND) 100±38 136±41 ND 

 
 
Table 3.6: Effects of in utero exposure to amitriptyline on levels of DA (ng/g tissue) in the frontal cortex and striatum at PND28, 56, 84 
and 112 (n=3-8/group). Top row of control values are actual neurotransmitter levels, bottom row and amitriptyline values are percentage 
of control. Data are median and interquartile range for frontal cortex; mean ± standard deviation for striatum. ND = not determined 

 
  Frontal Cortex  Striatum 

    PND28 PND56 PND84 PND112  PND28 PND56 PND84 PND112 

Male Control ND 31 (28-56) 
78 (70-141) 

ND 57 (42-206) 
41 (30-148) 

 2914±571 
100±13 

5067±804 
100±16 

6183±672 
100±10 

6845±1161 
100±19 

Amitriptyline ND 78 (72-78) ND 58 (30-73)  109±19 86±17 108±17 114±23 

           

Female Control ND 21 (20-40) 
79 (73-147) 

ND 56 (48-163) 
46 (40-134) 

 3474±804 
100±27 

5089±738 
100±20 

5975±1025 
100±19 

6836±1488 
100±15 

Amitriptyline ND 138 (101-212) ND 27 (26-64)  85±13 110±19 106±16 96±22 
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Table 3.7: Effects of in utero exposure to amitriptyline on levels of 5-HT (ng/g tissue) in the frontal cortex and striatum at PND28, 56, 
84 and 112 (n=3-8/group). Top row of control values are actual neurotransmitter levels, bottom row and amitriptyline values are 
percentage of control. An overall drug effect was seen in the striatum at PND84, with increased 5-HT levels in amitriptyline exposed 
animals. Data are mean ± standard deviation, with the exception of PND28 frontal cortex (median and interquartile range). ND = not 
determined 

 
  Frontal Cortex  Striatum 

    PND28 PND56 PND84 PND112   PND28 PND56 PND84 PND112 

Male Control 219 (209-229) 
100 (96-105) 

374±19 
100±5 

511±51 
100±10 

640±305 
100±48 

  336±70 
100±17 

432±41 
100±11 

490±55 
100±12 

564±100 
100±20 

Amitriptyline 121 (105-130) 109±15 103±18 79±9   99±11 101±21 127±28 94±12 

            

Female Control 325 (222-ND) 
112 (76-ND) 

337±54 
100±16 

510±29 
100±6 

537±55 
100±10 

  409±71 
100±21 

465±59 
100±14 

476±79 
100±22 

514±100 
100±19 

Amitriptyline 88 (66-101) 108=±12 90±9 87±11   99±25 102±16 116 ±26 83±12 

 
Table 3.8: Effects of in utero exposure to amitriptyline on levels of DOPAC (ng/g tissue) in the frontal cortex and striatum at PND28, 
56, 84 and 112 (n=4-8/group). Top row of control values are actual neurotransmitter levels, bottom row and amitriptyline values are 
percentage of control. Data are mean ± standard deviation. ND = not determined 

 
  Frontal Cortex  Striatum 

    PND28 PND56 PND84 PND112  PND28 PND56 PND84 PND112 

Male Control ND 65±32 
100±48 

54±14 
100±27 

74±44 
100±60 

 1389±295 
100±13 

1968±530 
100±27 

1695±426 
100±25 

1354±298 
100±17 

Amitriptyline ND 69±9 94±18 124±94  109±22 82±15 116±37 111±24 

           

Female Control ND 47±20 
100±43 

62±21 
100±35 

80±30 
100±37 

 1259±393 
100±33 

1778±334 
100±20 

1739±577 
100±33 

1345±346 
100±15 

Amitriptyline ND 105±26 99±38 51±5  131±46 126±13 99±26 88±17 
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Table 3.9: Effects of in utero exposure to amitriptyline on levels of 5-HIAA (ng/g tissue) in the frontal cortex and striatum at PND28, 
56, 84 and 112 (n=5-8/group). Top row of control values are actual neurotransmitter levels, bottom row and amitriptyline values are 
percentage of control. Data are mean ± standard deviation 

 
  Frontal Cortex  Striatum 

    PND28 PND56 PND84 PND112  PND28 PND56 PND84 PND112 

Male Control 419±36 
100±9 

438±84 
100±19 

409±68 
100±17 

388±121 
100±31 

 628±151 
100±11 

479±77 
100±14 

650±126 
100±27 

566±161 
100±30 

Amitriptyline 115±15 94±18 94±14 95±12  102±20 104±25 113±16 121±34 

           

Female Control 430±73 
100±17 

401±59 
100±15 

461±34 
100±7 

399±86 
100±21 

 688±140 
100±22 

523±88 
100±17 

660±78 
100±16 

607±182 
100±21 

Amitriptyline 110±23 97±10 89±16 87±10  108±10 103±16 114±14 103±21 

 
 
Table 3.10: Effects of in utero exposure to amitriptyline on levels of HVA (ng/g tissue) in the striatum at PND28, 56, 84 and 112 (n=5-
8/group). Top row of control values are actual neurotransmitter levels, bottom row and amitriptyline values are percentage of control. 
Data are mean ± standard deviation. 

 
    PND28 PND56 PND84 PND112 

Male Control 840±164 
100±9 

931±153 
100±14 

847±192 
100±24 

838±122 
100±14 

Amitriptyline 102±14 84±14 118±12 107±21 

      

Female Control 877±241 
100±27 

918±163 
100±14 

883±134 
100±18 

918±148 
100±11 

Amitriptyline 108±21 109±14 109±21 87±17 
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Table 3.11: Effects of in utero exposure to amitriptyline on 5-HT turnover (ratio of 5-HT to 5-HIAA) in the frontal cortex and striatum 
at PND28, 56, 84 and 112 (n=3-8/group). Data are median and interquartile range for the frontal cortex at PND28, mean ± standard 
deviation for all others. Amitriptyline-exposed animals had higher striatal 5-HT turnover than controls at PND112. ND = not 
determined 

 
  Frontal Cortex  Striatum 

    PND28 PND56 PND84 PND112  PND28 PND56 PND84 PND112 

Male Control 1.94 (1.72-2.19) 1.18±0.28 0.81±0.17 0.64±0.12  2±0.14 1.15±0.15 1.41±0.41 0.95±0.29 

Amitriptyline  1.81 (1.68-2.07) 1.03±0.28 0.76±0.23 0.74±0.1  2.07±0.36 1.18±0.2 1.26±0.21 1.19±0.31 

           

Female Control 1.33 (1.17-ND) 1.23±0.34 0.91±0.12 0.75±0.19  1.88±0.38 1.03±0.13 1.43±0.38 1.15±0.33 

Amitriptyline  1.92 (1.78-2.14) 1.08±0.12 0.9±0.18 0.75±0.13  2.1±0.44 1.03±0.09 1.4±0.35 1.46±0.44 

 

 

Table 3.12: Effects of in utero exposure to amitriptyline on dopamine turnover (ratio of dopamine to DOPAC) in the frontal cortex and 
striatum at PND28, 56, 84 and 112 (n=3-8/group). Data are median and interquartile range for the frontal cortex, mean ± standard 
deviation for the striatum. ND = not determined 

 
  Frontal Cortex  Striatum 

    PND28 PND56 PND84 PND112  PND28 PND56 PND84 PND112 

Male Control ND 1.7 (1.46-2.04) ND 0.57 (0.32-0.72)  0.5±0.08 0.38±0.05 0.3±0.07 0.21±0.06 

Amitriptyline  ND 1.29 (1.26-ND) ND 0.79 (0.59-1.2)  0.51±0.1 0.37±0.04 0.32±0.09 0.2±0.03 

           

Female Control ND 1.75 (1.43-1.93) ND 0.79 (0.45-0.94)  0.4±0.14 0.34±0.06 0.38±0.18 0.21±0.04 

Amitriptyline  ND 1.18 (1.05-1.51) ND 0.58 (0.45-ND)  0.49±0.18 0.41±0.09 0.35±0.12 0.2±0.04 
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3.3.2: Prenatal exposure to fluoxetine 

 

3.3.2.1: Gestational body weight and birth outcomes 

 

All data were homogenous and approximately normal, thus a Repeated Measures 

ANCOVA was carried out to determine if fluoxetine had any effect on body weight 

during gestation; litter size was included as a covariate. A significant effect of time 

was found (F13,130= 1.81, p< 0.05) and a significant interaction between drug and 

time were found (F13,130= 1.92, p< 0.05) but no significant effect of drug was found 

(F1,10= 0.03, p=0.862). An independent samples t-Test was carried out to determine 

if there were any effects of gestational administration of fluoxetine on litter size, 

with no significant differences seen, although a trend was evident (|t|7= 1.91, p= 

0.082). No effect on ratio of male: female pups in each litter was seen following a 

Mann-Whitney U Test (U= 13, p= 0.641). The body weight curve and total weight 

gain during gestation are depicted in Figure 3.9 and descriptive statistics for body 

weight and birth outcomes are summarised in Table A13 in the appendices and 

Tables 3.13 and 3.14. 
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Figure 3.9: (A) Body weight (g) throughout gestation and (B) Total weight gain (g) 
from gestational day 7-20 for animals exposed to control (n=9) or fluoxetine (n=4). 
Data are expressed as mean + standard deviation. A significant time*drug interaction 
was seen  
 

3.3.2.2: Pup weight 

 

As data displayed normality and homogeneity of variance, a Two-Way ANCOVA 

was carried out to determine if there was an effect of in utero exposure to fluoxetine 

on birth weight in male and female pups, with litter size included as a covariate A 

significant sex effect was found (F1, 155= 24.88, p< 0.001); females had lower birth 

B A 
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weight than males. No drug effects (F1, 155= 1.25, p= 0.266) or interaction between 

sex and drug exposure was found (F1, 155= 3.42, p= 0.066). These effects are depicted 

in Figure 3.10 and descriptive statistics are summarised in Table A14 in the 

appendices. 
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Figure 3.10: Effects of in utero exposure to fluoxetine on birth weight (g) in male 
(n=47 for control and 27 for fluoxetine) and female (n=41 for control and 22 for 
fluoxetine) rat pups. Females had lower birth weights than males. Data are expressed 
as mean + standard deviation 
 

As the data for neonatal body weight were not all normal and homogenous, and there 

were different numbers in each group, Mann-Whitney U tests were performed at 

each timepoint.  

In males, effects were seen at postnatal day (PND) 2 (U= 305.5, p< 0.001), 4 (U= 

382, p< 0.01) and 8 (U= 402.5, p< 0.01), with fluoxetine-exposed animals weighing 

less than their control counterparts at all of these timepoints. No drug effects were 

seen at PND11 (U= 478.5, p= 0.08), 15 (U= 536, p= 0.269), 18 (U= 606, p= 0.749), 

22 (U= 585.5, p= 0.582) or 28 (U= 648.5, p= 0.875).   

In females, effects were seen at postnatal day (PND) 2 (U= 263, p< 0.01), 4 (U= 

311.5, p< 0.05), 8 (U= 298, p< 0.05) and 11 (U= 299, p< 0.05); fluoxetine-exposed 

animals weighed less than their control counterparts at all of these timepoints. There 

were no effects at PND15 (U= 331, p= 0.084), 18 (U= 342, p= 0.116), 22 (U= 327, 

p= 0.074) or 28 (U= 353.5, p= 0.159). The body weight curve is depicted in Figure 

3.11 and descriptive statistics are summarised in Table A15 in the appendices. 
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Figure 3.11: Effects of in utero fluoxetine on body weight (g) in the neonatal period 
in (A) male rats (n=47 for control and 27 for fluoxetine) and (B) female rats (n=41 
for control and 22 for fluoxetine). Data are expressed as median and interquartile 
range. ** p<0.01 and *** p<0.001 vs. control males, + p<0.05 and ++ p<0.01 vs. 
control females  
 

Although the data for adolescent body weight were normal and homogenous, there 

were different numbers in each group, so Mann-Whitney U tests were performed at 

each timepoint.  

In males, there was a significant effect of in utero exposure to fluoxetine on body 

weight at PND35 (U= 290.5, p< 0.05) and PND42 (U= 276.5, p< 0.05); fluoxetine-

exposed animals weighed more than control animals at both ages. No effects were 

seen at PND49 (U= 268.5, p= 0.055) or PND56 (U= 267, p= 0.061). In females, no 

drug effects were seen at any age (U= 242.5, p= 0.57 at PND35; U= 173 p= 0.236 at 

PND42; U= 158, p= 0.118 at PND49 and U= 170.5, p= 0.212 at PND56). The body 

weight curve for both is depicted in Figure 3.12 and descriptive statistics are 

summarised in Table A16 in the appendices. 

 

Adult body weight was measured from PND63-112. In males from PND63-84, 

although these data were normal and displayed homogeneity of variance, there were 

not equal numbers in each group, thus, Mann-Whitney U tests were performed at 

each timepoint. From PND91-112, there were equal numbers in each group, so 

independent t-tests were carried out at each timepoint. No effects of in utero 

exposure to fluoxetine on body weight were seen at PND63 (U= 128.5, p= 0.131) or 

PND70 (U= 136, p= 0.063). There were significant effects of drug exposure at 

PND77 (U= 141.5, p< 0.05) and PND84 (U= 139, p< 0.05); fluoxetine-exposed 

animals weighed more than controls at these ages. There was no effect of in utero 

exposure to fluoxetine on body weight later in adulthood (|t|10= 0.82, p= 0.434 at 

B A 
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PND91; |t|10= 0.84, p= 0.42 at PND98; |t|10= 0.53, p= 0.606 at PND105 and t10= 0.2, 

p= 0.843 at PND112).  

In females from PND63-84, all data displayed homogeneity of variance, but were not 

normal and group sizes were not equal, so Mann-Whitney U tests were performed at 

each timepoint. From PND91-112, there were equal numbers in each group, so 

independent t-tests were carried out at each timepoint. No effects of in utero 

exposure to fluoxetine on body weight were seen at any age in adulthood (U= 77.5, 

p= 0.167 at PND63; U= 87.5, p= 0.335 at PND70; U= 82.5, p= 0.241 at PND77; U= 

80.5, p= 0.209 at PND84; t10= 0.427, p= 0.679 at PND91; t10= 0.95, p= 0.365 at 

PND98; t10= 0.324, p= 0.753 at PND105 and t10= 1.087, p= 0.302 at PND112). The 

body weight curve for both is depicted in Figure 3.12 and descriptive statistics are 

summarised in Table A17 in the appendices. 
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Figure 3.12: Effects of in utero fluoxetine on body weight (g) in the adolescent and 
adult periods in (A) male rats (n=6-18 for control and 6-22 for fluoxetine) and (B) 
female rats (n=6-20 for control and 6-22 for fluoxetine). Data are expressed as 
median and interquartile range. * p<0.05 vs. control males 

 

Table 3.13: Effects of in utero exposure to fluoxetine on litter size (n=4-9/group). 
Data are mean ± standard deviation 
 
  Litter size 

Control  12±1.5 

Fluoxetine 15±2.4 

 
Table 3.14: Effects of in utero exposure to fluoxetine on male: female ratio (n=4-
9/group). Data are median and interquartile range  
 
  Male: Female ratio 

Control  0.55 (0.51-0.66) 

Fluoxetine 0.5 (0.44-0.62) 
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3.3.2.3: Surface Righting (PND2-5) 

 

As the data were not all normal and homogenous, and could not be transformed, a 

Friedman’s ANOVA by Ranks was carried out, followed by Mann-Whitney U and 

Wilcoxon Signed-Rank multiple comparison tests.  A significant overall effect was 

found (Χ2
3 129.782, p< 0.001). Time taken to right was decreased each day 

compared with the one before it, with the exception of PND4. There were no 

significant overall drug effects, whereas sex effects were present on PND3 and 4, as 

females took longer to right than males, in control animals only. The descriptive 

statistics for the surface righting test are summarised in Table 3.15. 

 
Table 3.15: Effects of in utero exposure to fluoxetine on time to right (s) in the 
surface righting reflex test (n=23-49/group). * p< 0.05 and ** p< 0.01 vs. control 
males. Data are median and interquartile range 
 
    PND2 PND3 PND4 PND5 

Male Control  13 (7-18.5) 4 (1-10.5) 3 (1-7.5) 1 (1-2) 

Fluoxetine 22 (8.25-30) 7 (3-16.5) 4 (1.75-14.5) 1 (1-2) 

      

Female Control  19 (9-30) 13 (4.75-26)** 13 (2-23.25)* 1 (1-7.25) 

Fluoxetine 11 (6-30) 10 (4-30) 8 (2-18) 1 (1-6) 

 
 

3.3.2.4: Forelimb grip (PND14 and 17) 

 

Although the data displayed homogeneity of variance, they were not normal and 

could not be transformed, thus a Wilcoxon Signed-Rank and Mann-Whitney U tests 

were performed. A significant effect of testing day was found (W= 4510.5, p< 0.001), 

as animals were able to stay on the bar for longer on PND17 than PND14. There was 

no effect of sex on time to fall from the bar at either age; however there was a drug 

effect at PND14, but not 17. Fluoxetine-exposed animals did not remain on the bar 

for as long as control animals, but this was seen in females only. Descriptive 

statistics for the forelimb grip test are summarised in Table 3.16. 
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Table 3.16: Effects of in utero exposure to fluoxetine on time to stay on the bar (s) 
in the forelimb grip test (n=28-53/group). +++ p≤ 0.001 vs. control females. Data are 
median and interquartile range 
 
    PND14 PND17 

Male Control  14 (6-15) 15 (12-15) 

Fluoxetine 6.5 (3.25-14) 14 (9.25-15) 

    

Female Control  15 (8-15) 15 (9-15) 

Fluoxetine 9 (3-14.5)+++ 15 (9.25-15) 

 

3.3.2.5: Elevated Plus Maze (PND28, 56, 84 and 112) 

 

The data were all approximately normal and displayed homogeneity of variance, so 

Two-Way ANOVAs were carried out at each age, with fluoxetine exposure and sex 

as the independent variables.  

At PND28, there was no effect of in utero fluoxetine exposure, sex or an interaction 

between the two on %OAT (F1,20= 0.06, p= 0.808 for drug; F1,20= 4.13, p= 0.056 for 

sex; F1,20= 0.5, p= 0.49 for interaction) or %OAE (F1,20= 1.98, p= 0.175 for drug; 

F1,20= 1.74, p= 0.202 for sex; F1,20= 0.03, p= 0.856 for interaction). 

Similarly at PND56, there was no effect of in utero fluoxetine exposure, sex or an 

interaction between the two on %OAT (F1,20= 0.53, p= 0.475 for drug; F1,20= 0.41, 

p= 0.53 for sex; F1,20= 0.23, p= 0.639 for interaction) or %OAE (F1,20= 2.04, p= 

0.169 for drug; F1,20= 0.03, p= 0.862 for sex; F1,20= 0.89, p= 0.357 for interaction). 

At PND84, there was no effect of in utero fluoxetine exposure, sex or an interaction 

between the two on %OAT (F1,20= 0.003, p= 0.959 for drug; F1,20= 1.68, p= 0.209 

for sex; F1,20= 0.2, p= 0.663 for interaction) or %OAE (F1,20= 0.003, p= 0.959 for 

drug; F1,20= 0.66, p= 0.425 for sex; F1,20= 0.35, p= 0.563 for interaction). 

Similarly at PND112, there was no effect of in utero fluoxetine exposure, sex or an 

interaction between the two on %OAT (F1,20= 2.36, p= 0.140 for drug; F1,20= 0.25, 

p= 0.622 for sex; F1,20= 1.29, p= 0.27 for interaction) or %OAE (F1,20= 0.94, p= 

0.343 for drug; F1,20= 0.07, p= 0.802 for sex; F1,20= 2.56, p= 0.126 for interaction). 

The results for %OAT and %OAE are depicted in Figure 3.13; and descriptive 

statistics for both are summarised in Table A18 in the appendices. 
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Figure 3.13: Effects of in utero exposure to fluoxetine on (A) percentage entries into 
the open arm and (B) percentage time spent in the open arm of the elevated plus 
maze in male and female rats (n=5-7 for all groups) at PND28, 56, 84 or 112. Data 
are expressed as mean + standard deviation 
 

3.3.2.6: Open Field (PND28, 56, 84 and 112) 

 

The data were all approximately normal and displayed homogeneity of variance, so 

Two-Way ANOVAs were carried out at each age, with fluoxetine exposure and sex 

as the independent variables.  

At PND28, there was no effect of in utero fluoxetine exposure, sex or an interaction 

between the two on distance moved (F1,20= 0.55, p= 0.466 for drug; F1,20= 0.02, p= 

0.886 for sex; F1,20= 2.28, p= 0.147 for interaction). 

Similarly at PND56, there was no effect of in utero fluoxetine exposure, sex or an 

interaction between the two (F1,20= 0.25, p= 0.626 for drug; F1,20= 1.43, p= 0.246 for 

sex; F1,20= 2.98, p= 0.1 for interaction). 

At PND84, there was no effect of in utero fluoxetine exposure or any interaction 

between drug exposure and sex (F1,20= 2.06, p= 0.167 for drug; F1,20= 0.81, p= 0.378 

for interaction), however there was a significant effect of sex (F1,20= 12.87, p< 0.01), 

as females had higher distance moved than males.  

B 

A 
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At PND112, there was no effect of in utero fluoxetine exposure, sex or an interaction 

between the two on distance moved (F1,20= 2.51, p= 0.129 for drug; F1,20= 0.61, p= 

0.444 for sex; F1,20= 0.63, p= 0.436 for interaction). The results are depicted in 

Figure 3.14 and descriptive statistics are summarised in Table A19 in the appendices. 
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Figure 3.14: Effects of in utero exposure to fluoxetine on distance moved (cm) in 
the open field in male and female rats (n=5-7 for all groups) at PND28, 56, 84 or 112. 
Data are expressed as mean + standard deviation. 

 

3.3.2.7: Morris Water Maze (PND95-99) 

 

The data were all approximately normal and displayed homogeneity of variance, so 

Repeated Measures ANOVAs were carried out at for path length, swim speed and 

time to find the platform; a Two-Way ANOVA was carried out for percentage time 

spent in the southwest quadrant. Fluoxetine exposure and sex were the independent 

variables.  

For path length, there was an effect of acquisition day (F3,60= 22.92, p< 0.001), with 

a decrease in this parameter over each day, except from day 2 to day 3. There was no 

interaction between day and sex or drug (F3,60= 0.26, p= 0.854 for day*drug, F3,60= 

0.57, p= 0.638 for day*sex), however, there was a three-way interaction between 

these parameters (F3,60= 5.99, p≤ 0.001). This interaction took the form of an 

increased path length in control females compared with control males on acquisition 

day 3 only. There was no overall effect of drug exposure (F1,20= 0.11, p= 0.74),  sex 

(F1,20= 2.43, p= 0.135) or any interaction effect between these two parameters (F1,20= 

0.05, p= 0.827). 

For swim speed, there was no effect of acquisition day (F3,60= 0.33, p= 0.807), or 

any interaction between day and any independent variable (F3,60= 0.31, p= 0.82 for 
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day*drug, F3,60= 2.02, p= 0.12 for day*sex and F3,60= 0.89, p= 0.453 for 

day*drug*sex). There was an overall effect of drug exposure (F1,20= 4.83, p< 0.05), 

with higher swim speeds in fluoxetine-exposed rats. There was no effect of sex 

(F1,20= 3.62, p= 0.072) or an interaction between drug exposure and sex (F1,20= 0.21, 

p= 0.653). 

For time taken to find the platform, a similar pattern to path length was seen. There 

was an effect of acquisition day (F3,60= 28.89, p< 0.001), with a decrease in this 

parameter over each day, except from day 2 to day 3. There was no interaction 

between day and drug exposure or sex (F3,60= 0.29, p= 0.835 for day*drug, F3,60= 

0.35, p= 0.79 for day*sex), however, there was a three-way interaction between 

these parameters (F3,60= 6.18, p≤ 0.001). This interaction took the form of an 

increased time taken to find the platform in control females compared with control 

males on acquisition day 3 only. There was no overall effect of drug exposure (F1,20= 

1.23, p= 0.281),  sex (F1,20= 0.35, p= 0.562) or any interaction effect between these 

two parameters (F1,20= 0.05, p= 0.824). 

Regarding percentage time spent in the southwest quadrant during the probe test, 

there was no overall effect of drug exposure (F1,20= 1.94, p= 0.179), sex (F1,20= 0.13, 

p= 0.727) or an interaction between the two (F1,20= 0.05, p= 0.818). 

Morris Water Maze results are depicted in Figure 3.15 and descriptive statistics are 

summarised in Table A20 in the appendices. 
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Figure 3.15: Effects of in utero exposure to fluoxetine (FLX) on (A) path length (cm); (B) swim speed (cm/s); (C) time taken to find 
the platform (s) and (D) percentage time in the southwest quadrant in the Morris water maze in male and female rats (n=6 for all groups). 
A, B and C are over acquisition days 1-4, D is the probe trial, with the dashed line at 25% showing the likelihood that the rat will be in 
this quadrant. Data are expressed as mean + standard deviation. *** p<0.001 control females vs. control males; @ p<0.05 control vs. 
FLX-exposed animals overall 
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3.3.2.8: Determination of monoamine (and metabolite) levels  

 

For determination of monoamine levels (and their metabolites), the data are 

presented as percentage of average control values. HPLC analysis was carried out in 

the frontal cortex and striatum at PND28, 56, 84 and 112; each monoamine is 

presented separately. 

 
For NA levels, all data were analysed parametrically. At PND28, there was no effect 

of either drug exposure (F1,16= 0.02, p= 0.902), sex (F1,16= 0.38, p= 0.548) or an 

interaction between the two (F1,16= 0.192, p= 0.667) on NA levels in the frontal 

cortex. Similarly, in the striatum, there were no effects of either drug exposure 

(F1,19= 1.28, p= 0.273), sex (F1,19= 0.38, p= 0.547) or an interaction between the two 

(F1,19= 0.38, p= 0.547). 

At PND56, there was no effect of either drug exposure (F1,18= 0.52, p= 0.481), sex 

(F1,18= 1.68, p= 0.112) or an interaction between the two (F1,18= 1.68, p= 0.112) on 

NA levels in the frontal cortex. Similarly, in the striatum, there was no effect of 

either drug exposure (F1,18= 0.71, p= 0.41), sex (F1,18= 1.02, p= 0.326) or an 

interaction between the two (F1,18= 1.02, p= 0.326).  

At PND84 in the frontal cortex, there was no effect of either drug exposure (F1,20= 

0.01, p= 0.936), sex (F1,20= 1.25, p= 0.276) or an interaction between the two (F1, 20= 

1.25, p= 0.276) on NA levels. In the striatum, there was no effect of either drug 

exposure (F1,19= 0.95, p= 0.343), sex (F1,19= 0.52, p= 0.482) or an interaction 

between the two (F1,19= 0.52, p= 0.482) on NA levels at this age.  

In the frontal cortex, there was no effect of either drug exposure (F1,18= 0.25, p= 

0.621), sex (F1,18= 0.25, p= 0.624) or an interaction between the two (F1, 18= 0.25, p= 

0.624) on NA levels at PND112. There was no effect of either drug exposure (F1,17= 

2.97, p= 0.103), sex (F1,17= 0.01, p= 0.934) or an interaction between the two (F1,17= 

0.01, p= 0.934) on NA levels in the striatum at PND112. Descriptive statistics for 

NA levels in the frontal cortex and striatum are presented in Table 3.17. 

 

For DA levels, similar results to those found with NA were seen; data were also 

analysed parametrically with the exception of PND28. At PND28, there was no 

effect of drug (U= 14, p= 0.18), sex (U= 23, p= 0.848) or an interaction between the 

two (Χ2
3= 2.4, p= 0.494) in the frontal cortex. In the striatum, there were no effects 
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of either drug exposure (F1,19= 0.23, p= 0.765), sex (F1,19= 0.09, p= 0.765) or an 

interaction between the two (F1,19= 0.09, p= 0.765) on DA levels. 

There was no effect of drug exposure (F1,17= 3.34, p= 0.085), sex (F1,17= 1.4, p= 0. 

253) or an interaction between the two (F1,17= 1.4, p= 0. 253) on in the frontal cortex 

at PND56. Similarly, there was no effect of either drug exposure (F1,19= 0.83, p= 

0.374), sex (F1,19= 1.41, p= 0.25) or an interaction between the two (F1,19= 1.41, p= 

0.25) in the striatum at PND56.  

At PND84, there was no effect of drug exposure (F1,18= 0.14, p= 0.708), sex (F1,18= 

0.02, p= 0.883) or an interaction between the two (F1, 18= 0.02, p= 0.883) on DA 

levels in the frontal cortex. Similarly, there was no effect of either drug exposure 

(F1,20= 0.25, p= 0.625), sex (F1,20= 0.58, p= 0.457) or an interaction between the two 

(F1, 20= 0.58, p= 0.457) in the striatum at PND84. 

There was no effect of drug exposure (F1,20= 0.07, p= 0.794), sex (F1,20= 1.68, p= 

0.21) or an interaction between the two (F1, 20= 1.68, p= 0.21) on DA levels in the 

frontal cortex at PND112. In the striatum, was no effect of either drug exposure 

(F1,18= 0.41, p= 0.53), sex (F1,18= 0.9, p= 0.355) or an interaction between the two 

(F1, 8= 0.9, p= 0.355) at PND112. Descriptive statistics for DA levels in the frontal 

cortex and striatum are presented in Table 3.18. 

 

Data for 5-HT were analysed parametrically at all ages. At PND28, was no effect of 

either drug exposure (F1,16= 0.11, p= 0.75), sex (F1,16= 0.02, p= 0.896) or an 

interaction between the two (F1,16= 0.04, p= 0.847) on 5-HT levels in the frontal 

cortex. In the striatum, there were no effects of either drug exposure (F1,19= 0.01, p= 

0.931), sex (F1,19= 1.61, p= 0.217) or an interaction between the two (F1,19= 1.61, p= 

0.219) on 5-HT levels. 

There was no effect of either drug exposure (F1,18= 0.09, p= 0.769), sex (F1,18= 0.21, 

p= 0.654) or an interaction between the two (F1,18= 0.21, p= 0.654) in the frontal 

cortex at PND56. There was no effect of sex (F1,19= 3.27, p= 0.086) or an interaction 

between drug exposure and sex (F1,19= 3.27, p= 0.086) on striatal 5-HT levels at 

PND56. There was a significant effect of drug (F1,19= 7.68, p< 0.05), with 5-HT 

levels higher in fluoxetine-exposed female animals when compared with their 

control and male counterparts.  

At PND84, there was no effect of either drug exposure (F1,20= 0.01, p= 0. 159), sex 

(F1,20= 0.38, p= 0.547) or an interaction between the two (F1, 20= 0.38, p= 0.547) on 
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5-HT levels in the frontal cortex. In the striatum, there was no effect of either drug 

exposure (F1,20= 2.29, p= 0.146), sex (F1,20= 0.004, p= 0.948) or an interaction 

between the two (F1, 20= 0.004, p= 0.948) at PND84.  

At PND112, there was no effect of either drug exposure (F1,20= 0.69, p= 0.417), sex 

(F1,20= 0.01, p= 0.936) or an interaction between the two (F1, 20= 0.01, p= 0.936) on 

5-HT levels in the frontal cortex. Similarly, in the striatum, there was no effect of 

either drug exposure (F1,18= 0.72, p= 0.409), sex (F1,18= 1.56, p= 0.227) or an 

interaction between the two (F1,18= 1.56, p= 0.227) at PND112. Descriptive statistics 

for 5-HT levels in the frontal cortex and striatum are presented in Table 3.19. 

 

Data for DOPAC were analysed parametrically at all ages. At PND28, was no effect 

of either drug exposure (F1,16= 1.31, p= 0.27), sex (F1,16= 0.02, p= 0.898) or an 

interaction between the two (F1,16= 0.02, p= 0.898) on DOPAC levels in the frontal 

cortex. In the striatum, there were no effects of either drug exposure (F1,19= 0.004, 

p= 0.951), sex (F1,19= 0.26, p= 0.617) or an interaction between the two (F1,19= 0.26, 

p= 0.617) on levels of DOPAC. 

In the frontal cortex, there was no effect of sex (F1,18= 0.77, p= 0.392) or an 

interaction between drug exposure and sex (F1,18= 0.77, p= 0.392) on DOPAC levels 

at PND56. There was a drug effect (F1,18= 4.59, p< 0.05), with lower levels of 

DOPAC in fluoxetine-exposed animals. In the striatum, there was no effect of drug 

exposure (F1,19= 1.27, p= 0.275), sex (F1,19= 0.003, p= 0.957) or an interaction 

between drug exposure and sex (F1,19= 0.003, p= 0.957) on levels of DOPAC at 

PND56.  

At PND84, there was no effect of drug exposure (F1,19= 0.94, p= 0.346), sex (F1,19= 

0.92, p= 0.35) or an interaction between the two (F1,19= 0.92, p= 0.35) on levels of 

DOPAC in the frontal cortex. Similarly, in the striatum, there was no effect of drug 

(F1,20= 1.13, p= 0.301), sex (F1,20= 0.41, p= 0.529) or any interaction between drug 

exposure and sex (F1,20= 0.41, p= 0.529) on DOPAC levels at PND84.  

There was no effect of drug exposure (F1,20= 1.73, p= 0.203), sex (F1,20= 3.35, p= 

0.082) or an interaction between the two (F1,20= 3.35, p= 0.082) on levels of DOPAC 

in the frontal cortex at PND112. In the striatum, there was no effect of drug exposure 

(F1,18= 0.01, p= 0.914), sex (F1,18= 2, p= 0.174) or any interaction between the two 

(F1,18= 2, p= 0.174) at PND112. Descriptive statistics for DOPAC levels in the 

frontal cortex and striatum are presented in Table 3.20. 
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At all ages, data for 5-HIAA levels were parametric. At PND28, was no effect of 

either drug exposure (F1,16= .173, p= 0.683), sex (F1,16= 0.02, p= 0.902) or an 

interaction between the two (F1,16= 0.2, p= 0.663) on 5-HIAA levels in the frontal 

cortex. In the striatum, there were no effects of either drug exposure (F1,19= 1.21, p= 

0.284), sex (F1,19= 3.34, p= 0.084) or an interaction between the two (F1,19= 3.34, p= 

0.084) on 5-HIAA levels. 

At PND56, there was no effect of drug (F1,18= 1.57, p= 0.226), sex (F1,18= 1.39, p= 

0.254) or an interaction between drug exposure and sex (F1,18= 1.39, p= 0.254) on 

levels of 5-HIAA in the frontal cortex. In the striatum, there was no effect of drug 

exposure (F1,19= 1.02, p= 0.325) on 5-HIAA levels at PND56.  There was a sex 

effect (F1,19= 6.05, p< 0.05) and an interaction between sex and drug exposure 

(F1,19= 6.05, p< 0.05) on striatal 5-HIAA levels, with higher levels in fluoxetine-

exposed females compared with fluoxetine-exposed males.  

At PND84 in the frontal cortex, there was no effect of drug exposure (F1,20= 3.56, p= 

0.074), sex (F1,20= 0.7, p= 0.414) or an interaction between the two (F1,20= 0.7, p= 

0.414) on 5-HIAA levels. There was no effect of drug (F1,20= 1.37, p= 0.256), sex 

(F1,20= 1.46, p= 0.241) or any interaction between drug exposure and sex (F1,20= 1.46, 

p= 0.241) on 5-HIAA levels in the striatum at PND84.  

In the frontal cortex at PND112, there was no effect of drug exposure (F1,20= 0.66, 

p= 0.427), sex (F1,20= 0.82, p= 0.377) or an interaction between the two (F1, 20= 0.82, 

p= 0.377) on levels of 5-HIAA. In the striatum, there was a significant effect of drug 

exposure (F1,18= 5.9, p< 0.05), sex (F1,18= 10.59, p< 0.01) and an interaction between 

the two (F1,18= 10.59, p< 0.01), with higher levels of 5-HIAA in female fluoxetine-

exposed animals than all other groups. Descriptive statistics for 5-HIAA levels in the 

frontal cortex and striatum are presented in Table 3.21. 

 

HVA levels were only detected in the striatum and were analysed parametrically at 

PND28, 56 and 112 but non-parametrically at PND84. At PND28, there were no 

effects of drug exposure (F1,19= 0.08, p= 0.782), sex (F1,19= 1.63, p= 0.217) or any 

interaction between drug exposure and sex (F1,19= 1.63, p= 0.217) on HVA levels. 

There was no effect of drug exposure (F1,19= 0.1, p= 0.762), sex (F1,19= 0.05, p= 

0.832) or any interaction between drug exposure and sex (F1,19= 0.05, p= 0.832) at 

PND56. At PND84, there was no effect of sex (U= 46, p= 0.497) or any interaction 
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between drug exposure and sex (K3= 6.2, p= 0.102) on HVA levels. There was an 

effect of drug (U= 67, p< 0.05), with higher levels of HVA in fluoxetine-exposed 

animals. At PND112, there was no effect of sex (F1,18= 1.54, p= 0.231) or an 

interaction between drug exposure and sex (F1,18= 1.54, p= 0.231) on HVA levels, 

however there was a drug effect (F1,18= 5.84, p< 0.05), with higher levels of HVA in 

fluoxetine-exposed animals compared with controls. Descriptive statistics for HVA 

levels in the frontal cortex and striatum are presented in Table 3.22. 

 

5-HT turnover in the frontal cortex was analysed non-parametrically at PND28 and 

parametrically at PND56, 84 and 112; turnover in the striatum was analysed 

parametrically at all ages. 

There was no effect of drug exposure (U= 39, p= 0.166), sex (U= 72, p= 0.429), or 

an interaction between the two (K3= 2.63, p= 0.452) on cortical 5-HT turnover at 

PND28. Similarly, at PND56, there was no effect of drug exposure (F1,17= 1.24, p= 

0.281), sex (F1,17= 1.53, p= 0.234) or an interaction between the two (F1,17= 1.17, p= 

0.294). This lack of effect of drug exposure (F1,17= 2.31, p= 0.147), sex (F1,17= 0.2, 

p= 0.659) or an interaction between the two (F1,17= 0.38, p= 0.544) was also seen at 

PND84. No effects were seen at PND112 (F1,20= 0.08, p= 0.78 for drug; F1,20= 0.6, 

p= 0.447 for sex; F1,20= 0.1, p= 0.754 for interaction). 

There was no effect of drug exposure (F1,20= 1.16, p= 0.295), sex (F1,20= 2.44, p= 

0.134) or an interaction between the two (F1,20= 0.24, p= 0.633) on 5-HT turnover in 

the striatum at PND28. Similarly, at PND56, there was no effect of drug exposure 

(F1,19= 2.48, p= 0.132), sex (F1,19= 2.01, p= 0.172) or an interaction between the two 

(F1,19= 0.46, p= 0.506).  There was no effect of drug exposure (F1,20= 0.14, p= 0.711), 

sex (F1,20= 0.52, p= 0.48) or an interaction between the two (F1,20= 1.32, p= 0.265) 

on 5-HT turnover in the striatum at PND84. No effects were seen at PND112 (F1,18= 

2.45, p= 0.135 for drug; F1,18= 0.02, p= 0.88 for sex; F1,18= 0.04, p= 0.845 for 

interaction). Descriptive statistics are summarised in Table 3.23. 

 

Dopamine turnover in the frontal cortex was analysed non-parametrically at PND28 

and parametrically at PND56, 84 and 112; turnover in the striatum was analysed 

parametrically at all ages. 
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There was no effect of drug exposure (U= 32, p= 0.338), sex (U= 35, p= 0.18), or an 

interaction between the two (K3= 5.67, p= 0.129) on dopamine turnover in the frontal 

cortex at PND28. Similarly, at PND56, there was no effect of drug exposure (F1,17= 

0.1, p= 0.761), sex (F1,17= 0.98, p= 0.337) or an interaction between the two (F1,17= 

0.21, p= 0.657). There was also no effect of drug exposure (F1,17= 0.46, p= 0.505), 

sex (F1,17= 2.19, p= 0.157) or an interaction between the two (F1,17= 0.01, p= 0.94) 

on dopamine turnover at PND84. At PND112, there was no effect of sex (F1,20= 3.97, 

p= 0.06) or an interaction between drug exposure and sex (F1,20= 1.17, p= 0.292) but 

there was a strong trend towards a significant effect of drug exposure (F1,20= 4.31, 

p= 0.051), with higher turnover in fluoxetine-exposed animals. 

There was no effect of drug exposure (F1,20= 0.19, p= 0.668), sex (F1,20= 0.24, p= 

0.627) or an interaction between the two (F1,20= 0.15, p= 0.702) on dopamine 

turnover in the striatum at PND28. Similarly, at PND56, there was no effect of drug 

exposure (F1,19= 1.9, p= 0.184), sex (F1,19= 1.86, p= 0.188) or an interaction between 

the two (F1,19= 0.12, p= 0.73). There was no effect of drug exposure (F1,20= 0.55, p= 

0.469), sex (F1,20= 0, p= 0.996) or an interaction between the two (F1,20= 1.08, p= 

0.312) on dopamine turnover in the striatum at PND84. Similarly, at PND112, there 

was no effect of drug exposure (F1,18= 0.39, p= 0.541), sex (F1,18= 2.54, p= 0.128) or 

an interaction between the two (F1,18= 0.19, p= 0.665).Descriptive statistics are 

summarised in Table 3.24. 
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Table 3.17: Effects of in utero exposure to fluoxetine on levels of NA (ng/g tissue) in the frontal cortex and striatum at PND28, 56, 84 
and 112 (n=4-6/group). Top row of control values are actual neurotransmitter levels, bottom row and fluoxetine values are percentage of 
control. Data are mean ± standard deviation 

 
  Frontal Cortex  Striatum 

    PND28 PND56 PND84 PND112  PND28 PND56 PND84 PND112 

Male Control 223±75 
100±34 

272±46 
100±17 

231±68 
100±30 

276±114 
100±41 

 248±115 
100±46 

467±277 
100±59 

260±119 
100±46 

280±77 
100±28 

Fluoxetine 95±26 113±21 84±29 100±17  88±41 68±24 73±32 120±17 

           

Female Control 207±55 
100±27 

270±38 
100±14 

224±74 
100±33 

218±31 
100±14 

 375±306 
100±80 

317±65 
100±211 

292±125 
100±43 

228±52 
100±23 

Fluoxetine 111±41 96±7 114±40 111±20  60±36 103±44 96±27 122±36 

 
 
Table 3.18: Effects of in utero exposure to fluoxetine on levels of DA (ng/g tissue) in the frontal cortex and striatum at PND28, 56, 84 
and 112 (n=3-6/group) Top row of control values are actual neurotransmitter levels, bottom row and fluoxetine values are percentage of 
control. Data are mean ± standard deviation for all but the frontal cortex at PND28, which is median and interquartile range. ND = not 
determined 

 
  Frontal Cortex  Striatum 

    PND28 PND56 PND84 PND112  PND28 PND56 PND84 PND112 

Male Control  58 (45-63) 
105 (81-114) 

54±11 
100±22 

37±15 
100±411 

46±5 
100±11 

 5154.29±2225 
100±43 

5991±1869 
100±31 

3859±1359 
100±35 

6880±1500 
100±22 

Fluoxetine 73 (42-ND) 90±28 90±34 108±24  90.42±29 120±13 119±52 97±16 

           

Female Control  47 (43-ND) 
75 (69-ND) 

74±41 
100±56 

41±21 
100±52 

57±16 
100±27 

 5293.39±729 
100±14 

6117±1281 
100±21 

4723±940 
100±20 

6264±1643 
100±26 

Fluoxetine  78 (34-124) 54±6 96±37 87±11  95.44±20 97±21 96±33 113±14 
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Table 3.19: Effects of in utero exposure to fluoxetine on levels of 5-HT (ng/g tissue) in the frontal cortex and striatum at PND28, 56, 84 
and 112 (n=4-6/group). Top row of control values are actual neurotransmitter levels, bottom row and fluoxetine values are percentage of 
control. + p< 0.05 vs. control females. Data are mean ± standard deviation 

 
  Frontal Cortex  Striatum 

    PND28 PND56 PND84 PND112  PND28 PND56 PND84 PND112 

Male Control 319±80 
100±25 

446±70 
100±16 

388±80 
100±21 

522±34 
100±7 

 421±153 
100±36 

530±115 
100±22 

410±129 
100±31 

694±135 
100±19 

Fluoxetine  98±23 104±16 97±20 105±17  86±28 107±14 117±25 97±8 

           

Female Control  308±75 
100±24 

391±56 
100±14 

421±71 
100±17 

498±29 
100±6 

 361±119 
100±7 

475±68 
100±14 

482±107 
100±22 

656±95 
100±15 

Fluoxetine  97±47 99±6 105±8 106±27  107±22 133±16+ 118±34 114±15 

 
 
Table 3.20: Effects of in utero exposure to fluoxetine on levels of DOPAC (ng/g tissue) in the frontal cortex and striatum at PND28, 56, 
84 and 112 (n=4-6/group). Top row of control values are actual neurotransmitter levels, bottom row and fluoxetine values are 
percentage of control. An overall drug effect was seen in the frontal cortex at PND56, with decreased levels in fluoxetine-exposed 
animals. Data are mean ± standard deviation 

 
  Frontal Cortex  Striatum 

    PND28 PND56 PND84 PND112  PND28 PND56 PND84 PND112 

Male Control 81±32 
100±40 

76±16 
100±21 

59±19 
100±33 

60±10 
100±16 

 2170±350 
100±16 

2784±1346 
100±48 

3019±769 
100±26 

2836±548 
100±19 

Fluoxetine 82±24 83±26 193±218 129±33  94±36 82±46 105±33 89±17 

           

Female Control 116±80 
100±68 

110±53 
100±48 

76±32 
100±42 

69±14 
100±20 

 2154±421 
100±20 

3527±1268 
100±36 

3859±1359 
100±22 

2059±617 
100±30 

Fluoxetine 111±41 59±18 100±28 95±15  109±46 80±18 121±37 113±12 
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Table 3.21: Effects of in utero exposure to fluoxetine on levels of 5-HIAA (ng/g tissue) in the frontal cortex and striatum at PND28, 56, 
84 and 112 (n=4-6/group). Top row of control values are actual neurotransmitter levels, bottom row and fluoxetine values are 
percentage of control. ++ p< 0.01 vs. control females. Data are mean ± standard deviation 

 
  Frontal Cortex  Striatum 

    PND28 PND56 PND84 PND112  PND28 PND56 PND84 PND112 

Male Control 441±116 
100±26 

517±77 
100±15 

548±96 
100±18 

577±67 
100±12 

 764±207 
100±27 

728±107 
100±15 

677±213 
100±31 

657±193 
100±18 

Fluoxetine 91±30 102±27 119±17 110±13  91±18 90±13 100±22 94±12 

           

Female Control 438±65 
100±15 

464±91 
100±20 

656±108 
100±16 

604±86 
100±14 

 636±105 
100±17 

700±122 
100±17 

667±225 
100±34 

615±30 
100±22 

Fluoxetine 97±14 151±98 107±18 100±18  131±48 123±20 127±22 141±15++ 

 
 
Table 3.22: Effects of in utero exposure to fluoxetine on levels of HVA (ng/g tissue) in the striatum at PND28, 56, 84 and 112 (n=3-
6/group). Top row of control values are actual neurotransmitter levels, bottom row and fluoxetine values are percentage of control. An 
overall drug effect was seen at PND84 and 112, with increased HVA levels in fluoxetine-exposed animals at both ages. Data are mean ± 
standard deviation for PND28, 56 and 112; median and interquartile range for PND84. ND= not determined 

 
    PND28 PND56 PND84 PND112 

Male Control 1330±106 
100±8 

1251±581 
100±47 

1010 (976-1382) 
88 (85-121) 

1642±263 
100±29 

Fluoxetine 93±20 106±15 123 (92-141) 110±17 

      

Female Control 1304±177 
100±14 

1337±244 
100±18 

1189 (964-ND) 
106 (86-ND) 

1154±249 
100±5 

Fluoxetine 109±24 101±15 138 (103-153) 131±13 
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Table 3.23: Effects of in utero exposure to fluoxetine on 5-HT turnover (ratio of 5-HT to 5-HIAA) in the frontal cortex and striatum at 
PND28, 56, 84 and 112 (n=3-6/group). Data are median and interquartile range at PND28, mean ± standard deviation for all others. ND 
= not determined 

 
  Frontal Cortex  Striatum 

    PND28 PND56 PND84 PND112  PND28 PND56 PND84 PND112 

Male Control 1.37 (1.29-1.48) 1.18±0.26 1.44±0.21 1.11±0.15  2.09 (1.36-2.37) 1.41±0.27 1.85±1.14 0.96±0.25 

Amitriptyline  1.2 (1.17-1.36) 1.17±0.45 1.81±0.5 1.17±0.08  1.95 (1.51-2.43) 1.17±0.14 1.45±0.39 1.07±0.12 

           

Female Control 1.41 (1.21-1.69) 1.2±0.27 1.58±0.2 1.21±0.18  1.59 (1.38-1.63) 1.49±0.29 1.36±0.16 0.95±0.15 

Amitriptyline  1.32 (0.97-3.03) 1.82±1.17 1.6±0.22 1.21±0.4  1.7 (1.51-2.2) 1.39±0.29 1.57±0.4 1.09±0.17 

 

 

Table 3.24: Effects of in utero exposure to fluoxetine on dopamine turnover (ratio of dopamine to DOPAC) in the frontal cortex and 
striatum at PND28, 56, 84 and 112 (n=3-6/group). Data are median and interquartile range at PND28, mean ± standard deviation for all 
others. ND = not determined 

 
  Frontal Cortex  Striatum 

    PND28 PND56 PND84 PND112  PND28 PND56 PND84 PND112 

Male Control 1.49 (1.03-1.71) 1.46±0.48 1.64±0.31 1.32±0.15  0.4 (0.33-0.7) 0.51±0.25 0.85±0.27 0.43±0.15 

Amitriptyline  1.91 (1.82-ND) 1.3±0.17 1.77±0.25 1.57±0.16  0.36 (0.29-0.83) 0.33±0.2 0.8±0.45 0.38±0.1 

           

Female Control 2.33 (1.76-ND) 1.58±0.66 1.95±0.36 1.25±0.28  0.38 (0.33-0.51) 0.61±0.31 0.69±0.23 0.34±0.12 

Amitriptyline  1.92 (1.53-3.14) 1.61±0.44 2.11±0.96 1.33±0.15  0.43 (0.28-0.66) 0.51±0.2 0.97±0.51 0.33±0.04 
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3.4: Discussion 

 
The aim of the research covered in this chapter was to assess the effects of prenatal 

exposure to amitriptyline or fluoxetine on body weight, reflex development in the 

neonatal period, behaviour and monoamine levels in adolescence and adulthood. 

Each parameter will be considered separately, with the effects of both amitriptyline 

and fluoxetine discussed. 

Maternal body weight during gestation was not affected by drug exposure, when 

litter size was included as a covariate. It is likely that litter size has a bearing on this 

parameter; for example, the number of pups in each litter in the fluoxetine group 

ranged from 13 to 18, whereas the number of pups in control litters ranged from 10 

to 14, a difference that showed a trend towards statistical significance.  

Some studies have reported that higher doses of fluoxetine (12-16mg/kg, but not 1-

10mg/kg, the latter of which would correspond to the dose used in the present 

research) led to a decrease in body weight when compared with controls (Byrd et al., 

1994; Cabrera et al., 1994; Cagiano et al., 2008; da-Silva et al., 1999; Johns et al., 

2004; Vorhees et al., 1994). Amitriptyline has previously not been shown to affect 

gestational weight gain (Cox et al., 2011). As no decreases in gestational body 

weight were observed, one could be confident that the dose chosen in the present 

study did not result in maternal toxicity.  

Although there was no detrimental effect on gestational weight, birth weight was 

decreased following both amitriptyline exposure.  This is consistent with previous 

research where a dose of 10mg/kg, the same as that employed in the present research 

was found to decrease birth weight (Henderson et al., 1990), while a lower dose of 

4mg/kg did not (Bigl et al., 1982). Interestingly, in both of these studies, the drug is 

administered subcutaneously while in the present research it was administered orally. 

In the rat, the bioavailability of amitriptyline is 6.3% following an oral dose of 

10mg/kg (Bae et al., 2009), yet in the present research, this was sufficient to lead to a 

decrease in birth weight, while a dose of 4mg/kg administered subcutaneously was 

not. A possible reason for this may be conversion of amitriptyline to its primary 

active metabolite nortriptyline, which is also a TCA which blocks the reuptake of 

NA and 5-HT.  Thus, effects on birth weight may be due to nortriptyline, rather than 

amitriptyline effects. In these previous studies, no results for gestational weight were 
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provided, so it is not possible to determine if the doses used in each study had any 

maternal effects.  

There was no effect of in utero fluoxetine exposure on birth weight, although a 

significant sex effect was found. There are some inconsistencies in results found 

previously. In studies where the drug was administered subcutaneously, no effects on 

birth weight were seen when the dose administered was between 5 and 8mg/kg, but 

decreases were seen following a 10mg/kg dose (Cabrera et al., 1994; Cagiano et al., 

2008; Johns et al., 2004). One study delivered fluoxetine via osmotic minipump; no 

effects of 10mg/kg fluoxetine on birth weight were seen (Forcelli et al., 2008). 

Decreases in birth weight have been seen following orally-administered doses of 8-

16mg/kg, but not 1 or 5mg/kg (da-Silva et al., 1999; Vorhees et al., 1994), while on 

the other hand, no effects have been seen following a 10mg/kg dose (Fornaro et al., 

2007). In the research presented in this chapter, no effects of a 5mg/kg oral dose 

were seen, thus the findings were similar to those of da-Silva et al. (1999), Fornaro 

et al. (2007) and Vorhees et al. (1994), though measurement in the latter was mean 

weight per litter and not per pup, as was carried out in the present research. 

Throughout this study, transient effects on body weight were seen following prenatal 

fluoxetine exposure. Decreased body weight was apparent for drug-exposed animals 

early in the neonatal period, with body weight normalising from PND11 in males 

and PND15 in females. Adult effects were confined to males, with increases seen at 

PND35, 42, 77 and 84. The early neonatal effects are quite similar to those seen in a 

study by Bairy et al. (2007), where a 12mg/kg oral dose resulted in lower body 

weight at PND3 and 9 in both males and females, with decreases also seen at PND6 

and 12 in females only, with no effects seen in the neonatal period after PND12 for 

this dose. However, reductions were seen following a dose of 8mg/kg later in the 

neonatal period only (at PND18 and 21) in this study. The authors hypothesise that 

this may have been due to the involvement of 5-HT in glucoregulation in the 

hypothalamus; however, this was not measured in the study.  For other routes of 

administration, no effects were seen in adulthood (PND70) in animals born to 

females administered with 10mg/kg fluoxetine subcutaneously (Cabrera et al., 1994), 

while body weight in animals exposed to fluoxetine (10mg/kg) via maternal osmotic 

minipump showed reductions in body weight at PND60 (Forcelli et al., 2008). In 

amitriptyline-exposed pups, effects were seen only in the neonatal period, with 

reductions in body weight from PND11-22 for males and increased body weight in 
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females on PND4, with decreases on PND11 and 18. To the best of our knowledge, 

there are no studies which examined body weight later in life following prenatal 

exposure to amitriptyline. There was also a slight dip in body weight in the 

amitriptyline study around PND91-98; this may have been due to the fact that the 

Morris water maze was carried out at this time. However, the same pattern was not 

seen in the fluoxetine study. 

In the present research, amitriptyline-exposed animals showed a delay in surface 

righting ability earlier (PND2 and 3), but not later (PND4 and 5) in the testing period, 

while there were no effects of prenatal exposure to fluoxetine in this test. There were 

also some sex effects, with females taking longer to right than males (on PND4 in 

the amitriptyline study and PND3 and 4 in the fluoxetine study). There appeared to 

be some differences in the control values at PND2 in each study, with a median of 6 

seconds for males and 5 seconds for females in the amitriptyline study, compared 

with 13 seconds for males and 19 seconds for females in the fluoxetine study. 

However, the studies that will be covered in the next chapter include the surface 

righting reflex and the values found on PND2 in these studies are closer to those 

seen in the fluoxetine study in the present research. As the surface righting reflex 

was scored by more than one rater in the amitriptyline study (see Declaration), it is 

possible that differences in experimenter judgement may have led to the low values 

obtained. The opposite drug effects were seen in the forelimb grip test, with no 

difference between amitriptyline-exposed animals and controls at either testing age, 

while fluoxetine exposure resulted in less time spent gripping the bar at PND14 but 

not PND17. No sex effects were seen in this test either.  The control values for these 

tests appeared to be quite similar when the interquartile ranges were considered, 

however the medians in the fluoxetine study were slightly higher than those seen in 

the amitriptyline study. Significant behavioural effects following prenatal exposure 

to amitriptyline are summarised in Table 3.25, while those seen following fluoxetine 

exposure are summarised in Table 3.26. 

There is a dearth of previous studies investigating the effects of prenatal 

antidepressant exposure in either the surface righting or forelimb grip tests. 

Amitriptyline-exposed (10mg/kg s.c.) pups have shown a trend towards a delay in 

acquiring the righting reflex (Henderson et al., 1990), however the method of testing 

differed between this study and the present research. The study by Henderson et al. 

(1990) measured the rats until they reached the criterion of two consecutive days of 
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righting themselves within 6 seconds, while in the present research, the time taken 

for the rat to right on PND2-5 was recorded. As discussed in the introduction to this 

chapter, conflicting results have been found following administration of other 

antidepressant drugs. Methodological differences such as age of measurement and 

what criteria are actually measured render it difficult to determine if the present 

research is in agreement with studies carried out previously and indeed if there is a 

consensus to previous research in the area.  

A limitation of the present research is that no post-mortem investigations were 

carried out at the neonatal stage, which may determine the underlying mechanisms 

for any differences found. As the surface righting reflex reflects sensorimotor 

development and the forelimb grip measures muscle strength, it would be useful to 

investigate the brain regions which are important in these processes. Also, 

amitriptyline and fluoxetine both disrupt the monoaminergic system and so 

measurement of monoamine levels, as well as neurotransmitter cell density in 

regions such as the motor cortex, which mediates sensorimotor development.   

In the EPM at PND28, no effects of prenatal amitriptyline or fluoxetine exposure 

were seen on percentage time spent or entries into the open arms. No sex effects 

were seen in either study at this age. This lack of drug and sex effects continued 

throughout adulthood in the fluoxetine study, with no effects seen at PND56, 84 or 

112. On the other hand, animals exposed prenatally to amitriptyline had lower 

percentage entries into the open arms at PND56, but no changes in percentage time 

spent in the open arms, in female animals only. While there were no effects of 

prenatal amitriptyline exposure on PND84, by PND112 the effects of this drug in 

female animals showed a reversal of that seen on PND56, as amitriptyline-exposed 

females had higher percentage open arm entries compared with control females and 

amitriptyline-exposed males, again with no effects on percentage time spent in the 

open arms. Control values in the EPM were quite similar for both studies. The 

effects seen in the fluoxetine study are in line with those found previously (Bairy et 

al., 2007; Forcelli et al., 2008). Again, no studies could be found which investigated 

the effects of prenatal amitriptyline on EPM later in life. Sex differences following 

amitriptyline exposure have not been investigated before; however this could be a 

useful area for future research as most effects seen in the present research are in 

female animals. As depression is more prevalent in females than males, it would be 
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prudent to include female animals in preclinical antidepressant testing; however this 

has historically not been the case. 

In the open field, there was no effect of prenatal fluoxetine exposure at any age, 

while at PND84 there was a significant effect of sex as overall, females had higher 

distance moved than males. The effects of prenatal amitriptyline exposure mirrored 

those of fluoxetine at PND28 and 112. At PND56, while there were no drug effects, 

there was a significant overall sex effect, with greater locomotor activity in females 

than males. There was also a significant sex effect at PND84; this was accompanied 

by a drug and interaction effect as control females had higher distance moved than 

control males, while prenatal exposure to amitriptyline attenuated this increase in 

female animals. There was a marked increase in control values between the two 

studies at PND112, with higher values in the fluoxetine study. The large standard 

deviations for the values obtained however, indicate that there are some values 

which were on the verge of being outliers, but were not high enough to justify their 

removal. Previously, the effects of prenatal exposure to amitriptyline (4mg/kg s.c.) in 

the open field have only been explored in the neonatal period, with reductions in 

locomotor activity seen in drug-exposed animals at PND8 and 21, but not PND15 

(Bigl et al., 1982). Locomotor activity in the open field following prenatal fluoxetine 

exposure has been investigated in the neonatal period, adolescence and adulthood, 

with differing results. Bairy et al. (2007) found increases in locomotor activity at 

PND18 following exposure to 8 or 12mg/kg fluoxetine (via the oral route), decreases 

at PND35 with either dose and decreases at PND56 following the higher dose only. 

On the other hand, Vorhees et al. (1994) did not find any effects of prenatal exposure 

to 1, 5 or 12mg/kg fluoxetine (via oral gavage) on locomotor activity at PND16, 45 

or 75. The increased locomotor activity in females found in this experiment is 

broadly in line with effects seen previously (Beck et al., 2002; Elliott et al., 2005), 

for a review of this area see Simpson et al. (2012c). 

In the Morris water maze (MWM), there were no effects of prenatal exposure to 

amitriptyline on any of the parameters (path length, swim speed, time to find the 

platform or percentage time spent in the southwest quadrant in the probe trial). In the 

fluoxetine study, there was an interaction effect on both path length and time to find 

the platform, as control females had increases in both when compared with control 

males. This effect was not seen in the amitriptyline study and so may be a chance 

finding. In previous studies, there has not been a consensus regarding sex differences 
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in the MWM, with no differences seen between males and females (Bucci et al., 

1995; Faraji et al., 2010), superior performance in males (Roof, 1993; Saucier et al., 

2008) and differences seen in the probe trial only (Doucette et al., 2007), with males 

performing better than females in this last study. Thus, it cannot be conclusively 

stated that males perform better in this task of spatial learning and memory. There 

was no effect of prenatal fluoxetine exposure on swim speed or percentage time 

spent in the southwest quadrant during the probe trial. Path lengths and time to find 

the platform were slightly higher in the fluoxetine study, but swim speed and 

percentage time spent in the southwest quadrant were similar for both studies. The 

fact that differences were seen in control values in some of the parameters measured 

underlines the importance of including a control group in each study that is not 

carried out at the same time, regardless of similarity in methodology. Only one 

previous study has examined the effects of prenatal fluoxetine exposure in the MWM, 

with decreased time to escape to the platform at PND24 following exposure to oral 

doses of 8 or 12mg/kg of the drug, with effects of the higher dose still apparent at 

PND29 (Bairy et al., 2007). The lack of consensus between the study by Bairy et al. 

(2007) and the present research may be age-related, as the MWM was not carried out 

until adulthood (PND95-99). 

 

Table 3.25: Behavioural effects of prenatal amitriptyline (AMI) exposure. %OAE: 
percentage open arm entries; %OAT: percentage time spent in the open arm 
 

Day Parameter Effect 

PND2 and 3 Time to right in the surface righting test ↑ in AMI-exposed pups 

PND4 Time to right in the surface righting test ↑ in females 

PND56 %OAE in the elevated plus maze ↓ in AMI-exposed females 

PND56 Distance moved in the open field ↑ in females 

PND84 Distance moved in the open field ↑ in control females 

PND112 %OAT in the elevated plus maze ↑ in females 

PND112 %OAE in the elevated plus maze ↑ in AMI-exposed females 
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Table 3.26: Behavioural effects of prenatal fluoxetine (FLX) exposure.  
 

Day Parameter Effect 

PND3 and 4 Time to right in the surface righting test ↑ in females 

PND14 Time to remain on the bar in the 
forelimb grip test 

↓ in FLX-exposed females 

PND84 Distance moved in the open field ↑ in females 

Acquisition 
day 3 

Path length in the Morris water maze ↑ in control females 

Acquisition 
day 3 

Time taken to find the platform in the 
Morris water maze 

↑ in control females 

Overall Swim speed in the Morris water maze ↑ in FLX-exposed rats 

 

In the present research, monoamine levels and turnover were determined by HPLC at 

PND28, 56, 84 and 112. Some transient age- and region-specific changes in 

concentrations and turnover were found following prenatal amitriptyline exposure, 

which are summarised in Table 3.27. The decrease in 5-HT levels in amitriptyline-

exposed females (compared with males) at PND28 did not coincide with changes in 

any other metabolite, or any behavioural changes. The lack of drug effects 

correspond to those found in previous studies where monoamine levels were 

measured at PND21 (Bigl et al., 1982) and PND30 (Henderson et al., 1993). As 

mentioned above, it is not possible to postulate as to why sex differences in 

amitriptyline-exposed animals should exist, without changes in control animals, as 

there has not been any previous research in this area. 

At PND56, levels of the metabolites DOPAC and HVA were increased in 

amitriptyline-exposed females compared with their male counterparts. This does not 

mirror the behavioural effects seen, as locomotor activity was increased in females 

overall, while anxiety-like behaviour in the EPM seen in amitriptyline-exposed 

females was only significant when compared with female controls. At PND84, there 

was an overall increase in 5-HT and NA in the striatum of amitriptyline-exposed 

animals. This finding for 5-HT is contradictory to previous studies (Bigl et al., 1982; 

Henderson et al., 1993), in which decreases in 5-HT levels have been found. 

Behaviourally, no EPM effects were seen at PND84, while in the OF, amitriptyline 

attenuated the increase in locomotor activity seen in female controls.  

Increases in locomotor activity have been associated with increased DA, DOPAC 

and HVA (Benwell et al., 1992). On the other hand, decreasing 5-HT levels in the 

neonatal period with PCA led to increased or decreased locomotor activity, 
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depending on the ages of dosing and testing; while adult PCA administration led to 

decreases in locomotor activity (Lucot et al., 1981). Dopamine depletion leads to 

decreased percentage open arm entries and percentage time spent in the open arms in 

the EPM (Espejo, 1997), while serotonergic depletion led to increased ratio of open: 

total arm entries (Briley et al., 1990). As the changes in monoamine levels observed 

following prenatal amitriptyline administration are transient and do not mirror the 

expected changes in behaviour, it is possible that these changes may be artefacts due 

to the large volume of statistical analysis carried out (i.e., six neurotransmitters at 

four ages across four groups).  

 

Table 3.27: Effects of prenatal amitriptyline (AMI) exposure on monoamine and 
metabolite levels 
 

Age Region Neurotransmitter Effect 

PND28 Frontal cortex 5-HT ↓ in AMI-exposed females 
compared with AMI-exposed 
males 

PND56 Striatum DOPAC, HVA ↑ in AMI-exposed females 
compared with AMI-exposed 
males 

PND84 Striatum NA, 5-HT ↑ in AMI-exposed animals 

PND112 Striatum 5-HT turnover ↑ in AMI-exposed animals 

 

The same argument may be made for changes in monoamine levels following 

prenatal fluoxetine treatment, as no behavioural effects were seen in this experiment. 

However, the increases seen in HVA levels following fluoxetine exposure endure 

from PND84 to PND112, so it is likely that this represents a real effect. All other 

effects of prenatal fluoxetine exposure were seen in the striatum in females, with the 

exception of decreased DOPAC levels at PND56 in the frontal cortex, which was an 

overall effect (see Table 3.28).  Previously, prenatal fluoxetine exposure has led to a 

decrease in 5-HT levels in the frontal cortex at PND26 and in the midbrain at PND70, 

with no effects on 5-HIAA levels (Cabrera-Vera et al., 1997). This study differs 

from the present experiment however, as a higher dose and different route of 

administration was used (10mg/kg s.c.). Also, it is impossible to determine if there 

were any behavioural changes, as no tests were carried out.  It is thus possible that 

the changes seen in the present research, although likely to be actual differences, 

may have been too subtle to influence behaviour.  
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Table 3.28: Effects of prenatal fluoxetine (FLX) exposure on monoamine and 
metabolite levels 
 

Age Region Neurotransmitter Effect 

PND56 Frontal cortex DOPAC ↓ in FLX-exposed animals 

PND56 Striatum 5-HT 
 
 
5-HIAA 

↑ in FLX-exposed females 
compared with control females 
and FLX-exposed males 
↑ in FLX-exposed females 
compared with FLX-exposed 
males 

PND84 Striatum HVA ↑ in FLX-exposed animals 

PND112 Striatum 5-HIAA 
 
 
HVA 

↑ in FLX-exposed females than 
control females and FLX-exposed 
males 
↑ in FLX-exposed animals 

 

In the present research, there were effects of prenatal exposure to antidepressants on 

body weight, neonatal tests of reflex development, locomotor activity, anxiety-like 

behaviour and monoamine levels, but not on spatial learning and memory. These 

effects were dependent upon drug administered, sex and age of testing. A limitation 

of the present experiments is that the period of drug exposure only mirrors the 

second trimester in human pregnancy. As discussed in the General Introduction, 

there is an increase in humans in the rate of neuronal development in the third 

trimester and soon after birth. This period is roughly analogous to the neonatal 

period in the rat.  

This chapter has focused on the consequences of in utero exposure to antidepressants. 

Chapter 4 will expand upon these studies to investigate the effects of exposure to 

antidepressants not only in utero alone, but also postnatally (via breast milk) alone 

and during both periods. Also, although a number of behavioural tests were carried 

out in the experiments outlined in this chapter; more facets may be investigated in 

order to compile a comprehensive behavioural profile of the effects of early life 

antidepressant exposure in adulthood. Thus, the forced swim test (FST) will also be 

included in the test battery. This test is a measure of antidepressant efficacy (and is 

commonly used as a test of behavioural despair); hence the possibility that exposure 

to antidepressants in early life may have some effects in this test warrants its 

inclusion.
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Chapter 4: Behavioural and neurochemical effects of in utero and/or neonatal 

exposure to amitriptyline or fluoxetine 

 

4.1: Introduction 

 

As outlined in Chapter 3, in utero exposure to amitriptyline from GD7-21 led to 

alterations in neonatal body weight, delays in reflex acquisition, age-specific changes 

in anxiety-like behaviour and locomotor activity in females and some sporadic 

alterations in neurotransmitter levels, of which none endured past a single age. 

Exposure to fluoxetine in the same period resulted in sporadic body weight changes 

throughout life in males, poorer forelimb grip ability and changes in levels of some 

neurotransmitters, with increased HVA being the only change which was present at 

more than one time point.  

This duration of exposure in rats is analogous to the period from the middle of the 

first trimester to the end of the second trimester in humans; the third trimester is not 

included in this model. The period of exposure examined in Chapter 3 thus does not 

equate to the whole of human exposure to antidepressants in pregnancy, as the third 

trimester corresponds approximately to PND1-10 in the rat. In clinical investigations, 

it has previously been found that the period of antidepressant exposure in utero can 

play a role in any effects found in children. Some of these studies have focused on 

malformations and miscarriages (Goldstein, 1995; Goldstein et al., 1997; Kallen et 

al., 2007; Pastuszak et al., 1993), however, other parameters have also been 

investigated. The effects of SSRI use in the third trimester have been reviewed in 

detail by Nordeng et al. (2005), while Oberlander et al. (2008b) found that late 

exposure (after gestational day 185, or approximately the third trimester) was 

associated with lower birth weight, shorter gestation and higher rates of both 

respiratory distress and operational deliveries when compared with exposure earlier 

in pregnancy. In a study investigating the effects of treatment with SSRIs during 

some of the pregnancy, but at least one trimester without drug treatment, alongside 

continuous exposure and untreated depression, the continuous exposure to either the 

condition or the drugs led to a higher likelihood of preterm birth than partial or no 

exposure (Wisner et al., 2009). Other studies have found that exposure to SSRIs in 

the third trimester only was associated with lower Apgar scores (a test for neonatal 

health), with no effects seen in TCA-exposed infants (Simon et al., 2002), while a 
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comparison between third trimester exposure with first and second trimester 

exposure found that late exposure was associated with higher rates of premature 

delivery, lower birth weight and length, admission to special-care nurseries and poor 

neonatal adaptation; the average dose of fluoxetine in these studies was 25-28mg 

(Chambers et al., 1996; Cohen et al., 2000).   

Thus, there is merit in carrying out a controlled study into the effects of exposure to 

antidepressants in the third trimester. However, there is some difficulty in modelling 

this exposure duration in a rat model, as the biochemical and anatomical 

developments occurring in humans occur after birth in this animal (see Table 1.4 in 

Chapter 1). For this reason, drugs can be either delivered directly to the pups via a 

parenteral route or indirectly via maternal administration, as is the case for prenatal 

exposure, with transfer to the pups then occurring via breast milk rather than through 

the placenta. There are advantages and disadvantages to each of these methods.  

Administration of antidepressants via parenteral routes directly to the pups will be 

covered in more detail in Chapter 5.  This method of drug treatment allows for the 

knowledge that a defined dose has been administered to the pups.  However, an 

important disadvantage of this route of administration is the lack of face validity. 

Also, in order to be injected, brief periods of separation from the mother as well as 

handling of the pups will occur. These factors have been found to have effects on 

maternal behaviour (Skripuletz et al., 2010) and behavioural effects later in life such 

as decreased anxiety-like behaviour and increased exploration (Skripuletz et al., 

2010), reduced ultrasonic vocalisations in response to some, but not all aspects of a 

fear conditioning paradigm (Kosten et al., 2006), increased dopamine turnover, 

increased 5-HT levels and decreased 5-HT turnover at PND30 with differential 

effects on dopamine turnover in adulthood (Papaioannou et al., 2002), improved 

performance in the Morris water maze and decreased corticosterone levels in 

response to stress (Lehmann et al., 2002) and reduced immobility in the forced swim 

test (Hilakivi-Clarke et al., 1991). The effects of the injection itself, occurring during 

such a critical developmental period, may also have an effect on the endpoints 

measured, although no previous studies which investigated the effects of injection in 

early neonatal development could be found. The duration of neonatal antidepressant 

exposure is typically from PND8-21, as this encapsulates the periods during which 

there is a peak in brain mass growth, the most extensive synaptogenesis and 

increases in monoaminergic activity, outlined in Table 1.3 in Chapter 1, modified 
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from Maciag et al. (2006b). Some studies have also administered the drug earlier in 

the neonatal period (Andersen et al., 2010; Cassano et al., 2006; Chuah et al., 1986; 

Darling et al., 2011; Drago et al., 1985; Feng et al., 2001; Lee, 2009; Lee et al., 

2012; Xu et al., 2004), while others have continued administration throughout the 

whole of the neonatal period (de Souza et al., 2004; Deiro et al., 2008; Deiro et al., 

2004; Manhaes de Castro et al., 2001; Mendes-da-Silva et al., 2002; Ribas et al., 

2008; Silva et al., 2010; Toscano et al., 2008), in order to target the development of 

specific mechanisms.  

In order to retain some fidelity to the clinical scenario, drug administration at a time 

mirroring third trimester exposure should ideally be via maternal transfer. Both 

fluoxetine and amitriptyline are excreted in the breast milk, with milk/plasma ratios 

ranging from 0.35-2.2 for the former and 0.9 for the latter, in which only two 

patients were included (Heikkinen et al., 2003; Kristensen et al., 1999; Yoshida et 

al., 1997). Thus, to somewhat model early exposure to antidepressants via maternal 

transfer, the drugs can be administered to the mothers after littering until weaning. 

The consequence of this administration regime is that there may be competition for 

feeding, which would then influence the amount of milk the pup took in, although 

again no previous studies could be found in which this parameter was measured. The 

size of the litter may also have an effect on feeding; however this can be controlled 

by equalising litter sizes.  

An advantage of maternal administration in the neonatal period is the possibility of 

modelling the effects of antidepressants following exposure via lactation in the 

clinical scenario. As seen in Table 1.4 in Chapter 1, the first three months of life in 

the human are approximately analogous to PND10-20 in the rat; this period falls 

before the animal is weaned and so drug exposure via lactation following maternal 

administration can occur, in a manner similar to humans.  In clinical studies, 

fluoxetine has been detected in infants who are breastfed (Hendrick et al., 2001; 

Kristensen et al., 1999; Suri et al., 2002), although this is dependent upon age of 

sampling, with decreases seen as the infant gets older (Heikkinen et al., 2003). No 

adverse infant outcomes have been seen following exposure to fluoxetine in utero 

and via breastfeeding in the latter study; this is also the case following breastfeeding 

exposure to SSRIs overall (Berle et al., 2004). A pooled analysis by Weissman et al. 

(2004) revealed that fluoxetine exposure resulted in the highest proportion of infants 

with drug levels that were higher than 10% of maternal levels, while reviews by 



                                4: In utero and/or neonatal exposure to amitriptyline or fluoxetine 

146 
 

Gentile (2007) and Ellfolk et al. (2010) outline the adverse effects that have been 

reported in studies of lactational exposure to antidepressants in the neonatal period, 

such as irritability, increased incidence of colic and detectable drug levels in the 

infant.  

In the work discussed in this chapter, drug administration occurs in a cross-over 

fashion, with exposures during gestation, from littering to weaning or across both 

periods (see next section). These time points were chosen in order to attempt to 

account for a number of exposure periods in humans, namely first and second 

trimester exposure only, third trimester and the early neonatal period only, or across 

the entire time span of gestation, littering and until weaning. To the best of our 

knowledge, no studies exist which investigated the effects of exposure to fluoxetine 

or amitriptyline, in rats, in this manner. Lisboa et al. (2007) and Gouvea et al. (2008) 

both carried out studies in mice, in which fluoxetine was administered via oral 

gavage to mothers throughout pregnancy and lactation, but not during either period 

alone. Decreased locomotor activity in the open field, increased immobility in the 

forced swim test and deficits in sexual behaviour were found in these studies; these 

effects were sex- and age-dependent. A study in rats by Forcelli et al. (2008) 

examined the effects of exposure to fluoxetine via maternal osmotic mini-pump in 

the latter part of gestation and early neonatal period and found that total arm entries 

in the elevated plus maze were reduced as well as an increase in cocaine place 

conditioning and self-administration. However, for all of these studies, no crossover 

was employed, thus the results found cannot be attributed to specific periods of 

dosing. One study into the effects of exposure to oral clomipramine was found that 

did utilise a crossover design, but used cross-fostering of pups to produce the 

different groups, rather than changing maternal drug exposure (Rodriguez Echandia 

et al., 1983). In this study, no effects on maternal behaviour, neonatal home cage 

activity, eye opening or open field behaviours were seen. However, following 

exposure to clomipramine either prenatally or during both periods resulted in 

alterations in behaviour in a familiar environment, while exploration was reduced in 

a novel environment and social behaviour was also decreased, with all effects being 

dependent upon both sex and age.  

Although no effects were found following exposure to clomipramine via maternal 

transfer in the neonatal period only, it is necessary to evaluate if other antidepressant 

drugs also result in the same outcomes. Thus, the aim of the work carried out in this 
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chapter was to determine the effects of exposure to amitriptyline or fluoxetine 

prenatally via placental transfer, postnatally via breast milk transfer or during both 

periods on body weight, reflex development in the neonatal period and behaviour in 

later life. 

 

4.2: Experimental Design 

 

This chapter will outline the results of two separate experiments. The first is an 

investigation into the developmental, behavioural and neurochemical effects of 

amitriptyline exposure in utero and/or during the neonatal period while the second is 

an investigation into the effects of in utero and/or neonatal exposure to fluoxetine on 

the same parameters.  

For both experiments, female rats were placed into a cage with a resident male (in a 

ratio of 3:1) for 72 hours. Gestational day (GD) 1 was designated as 48 hours after 

females were exposed to males. Following removal from male cages, females were 

singly housed. Drug administration (10mg/kg for amitriptyline, 5mg/kg for 

fluoxetine, both by oral gavage) was carried out once daily from GD7 until PND21; 

controls received distilled water as the vehicle (1ml/kg). The rationale for the 

selection of these doses is outlined in the Introduction to Chapter 3. Upon littering, 

half of each group switched treatment, to give four groups as outlined in Table 4.1. 

The day of birth was designated as postnatal day (PND) 1. The test battery carried 

out in both experiments is similar to that seen in Chapter 3, with some minor 

changes. The Morris water maze was carried out from PND71-83 and the forced 

swim test at PND60 was added. Also, due to equipment problems with the 

EthoVision® system, in which the tracking was interrupted by changes in light 

intensity, the open field test at PND112 for in utero and/or neonatal exposure to 

fluoxetine could not be measured. 
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Table 4.1: Groups in research presented in this chapter 

 Amitriptyline study Fluoxetine study 

Group 1 Vehicle in gestation and neonatal 
period (V/V); n= 7 

Vehicle in gestation and neonatal 
period (V/V); n=6 

   

Group 2 Vehicle in gestation, amitriptyline 
in neonatal period (V/A); n= 7 

Vehicle in gestation, fluoxetine in 
neonatal period (V/F); n=7 

   

Group 3 Amitriptyline in gestation, vehicle 
in neonatal period (A/V); n= 8 

Fluoxetine in gestation, vehicle in 
neonatal period (F/V); n=8 

   

Group 4 Amitriptyline in gestation and 
neonatal period (A/A); n= 7 

Fluoxetine in gestation and 
neonatal period (F/F); n=7 

 

4.3: Results 

 

4.3.1: Prenatal and/or neonatal exposure to amitriptyline 

 

4.3.1.1: Gestational body weight and birth outcomes 

 

All data were homogenous and approximately normal, thus a Repeated Measures 

ANCOVA was carried out to determine if amitriptyline had any effect on body 

weight during gestation, with litter size as a covariate. No significant effect of time 

was found (F13,351= 0.4, p= 0.971). No effect of drug, or any interaction between 

drug and time were found (F1,27= 0.65, p= 0.427 and F13,351= 0.95, p= 0.499, 

respectively). A Mann-Whitney U test was carried out to determine if there were any 

effects of gestational administration of amitriptyline on litter size, with no significant 

differences seen (U= 116, p= 0.873). No effects on ratio of male: female pups in 

each litter were seen following an independent t-Test (t29= 0.52, p= 0.607). The body 

weight curve and total weight gain during gestation are depicted in Figure 4.1 and 

descriptive statistics for body weight and birth outcomes are summarised in Table 

A21 in the appendices and Tables 4.2 and 4.3. 
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Figure 4.1: (A) Body weight (g) throughout gestation and (B) Total weight gain (g) 
from gestational day 7-20 for animals exposed to control (n=15) or amitriptyline 
(n=16). Data are mean and standard deviation. 
 

Table 4.2: Effects of in utero exposure to amitriptyline on litter size (n=15-
16/group). Data are median and interquartile range. 
 
  Litter size 

Control 15 (13-16) 

Amitriptyline 15 (12-16) 

 
Table 4.3: Effects of in utero exposure to amitriptyline on male: female ratio in 
litters (n=15/group). Data are mean ± standard deviation.  
 
  Male: Female ratio 

Control 0.57±0.15 

Amitriptyline 0.54±0.15 

 

4.3.1.2: Pup weight 

 

As data displayed normality and approximate homogeneity of variance, a Two-Way 

ANCOVA was carried out to determine if there was an effect of in utero exposure to 

amitriptyline on birth weight in male and female pups, with litter size taken as a 

covariate. A significant drug effect was found (F1, 375= 8.313, p< 0.01), as birth 

weight for amitriptyline-exposed pups was lower than control pups. An effect of sex 

was also found (F1,375= 34.37, p< 0.001), as females were lighter than males. There 

was no interaction between sex and drug exposure (F1,375= 0.76, p= 0.383). These 

effects are depicted in Figure 4.2 and descriptive statistics are summarised in Table 

A22 in the appendices. 
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Figure 4.2: Effects of in utero exposure to amitriptyline on birth weight (g) in male 
(n=99 for control and 88 for amitriptyline) and female (n=74 for control and 78 for 
amitriptyline) rat pups. Data are expressed as mean + standard deviation. There were 
overall sex and drug effects. 
 

As the weight gain curves for male and female rats differ substantially, the two sexes 

will be analysed separately, in order not to mask any drug effects that may exist.  

 

As the data for neonatal body weight were not all normal and homogenous, and there 

were different numbers in each group, Kruskal-Wallis ANOVAs by ranks were 

performed at each timepoint. In males, effects were seen at postnatal day (PND) 21 

(K= 9.38, p< 0.05) and 28 (K= 10.5, p< 0.05). Animals exposed to amitriptyline 

prenatally and neonatally (A/A) were heavier than those exposed to amitriptyline 

neonatally only (V/A) at both days. There were no effects at PND2 (K= 5.7, p= 

0.127), 4 (K= 2.03, p= 0.566), 8 (K= 3.26, p= 0.352), 11 (K=7.61, p= 0.06), 15 (K= 

6.53, p= 0.088) or 18 (K= 6.98, p= 0.073). The body weight curve is depicted in 

Figure 4.3 and descriptive statistics are summarised in Table A23 in the appendices. 

In females, no effects were seen at any age (K= 2.29, p= 0.515 for PND2; K= 1.79, 

p= 0.616 for PND4; K= 1.5, p= 0.683 for PND8; K= 4.18, p= 0.243 for PND11; K= 

2.85, p= 0.415 for PND15; K= 1.25, p= 0.742 for PND18; K= 2.6, p= 0.458 for 

PND21 and K= 1.68, p= 0.642 for PND28). The body weight curve is depicted in 

Figure 4.3 and descriptive statistics are summarised in Table A23 in the appendices. 
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Figure 4.3: Effects of in utero and/or neonatal exposure to amitriptyline on body 
weight (g) in the neonatal period in (A) male rats (n=40-52) and (B) female rats 
(n=32-39). Data are expressed as median and interquartile range. V/V= Vehicle in 
gestation and neonatal period; V/A= vehicle in gestation, amitriptyline in neonatal 
period; A/V= amitriptyline in gestation, vehicle in neonatal period; A/A= 
amitriptyline in gestation and neonatal period 

 

As the data for adolescent body weight (PND35-56) displayed approximate 

normality and homogeneity of variance and there were equal numbers in each group, 

One-Way ANOVAs with Student-Newman-Keuls Post-Hocs were performed at each 

timepoint.  

In males, no effects of in utero exposure to amitriptyline on body weight were seen 

at any timepoint during the adolescent period (F3,68= 0.68, p= 0.566 at PND35; 

F3,68= 0.75, p= 0.529 at PND42; F3,68= 0.78, p= 0.512 at PND49 and F3,68= 0.67, p= 

0.572 at PND56).  

Similarly, in females, no drug effects were seen at any age (F3,68= 0.1, p= 0.96 at 

PND35; F3,68= 0.13, p= 0.94 at PND42; F3,68= 0.11, p= 0.955 at PND49 and F3,68= 

0.09, p= 0.966 at PND56). The body weight curves are depicted in Figure 4.4 and 

descriptive statistics are summarised in Table A24 in the appendices. 

 

Adult body weight was measured from PND63-112. These data were normal 

displayed homogeneity of variance and there were equal numbers in each group, so 

One-Way ANOVAs were performed at each timepoint. No effects of in utero 

exposure to amitriptyline on body weight were seen at any timepoint during 

adulthood (F3,44= 0.04, p= 0.99 at PND63; F3,44= 0.03, p= 0.993 at PND70; F3,44= 

0.24, p= 0.866 at PND84; F3,20= 0.23, p= 0.873 at PND91; F3,20= 0.4, p= 0.757 at 

PND98; F3,20= 0.21, p= 0.885 at PND105 and F3,20= 0.25, p= 0.864 at PND112).  

In females, no effects of in utero exposure to amitriptyline on body weight were seen 

at any timepoint during adulthood (F3,44= 0.56, p= 0.642 at PND63; F3,44= 0.67, p= 

A B 
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0.578 at PND70; F3,44= 0.72, p= 0.542 at PND84; F3,20= 1.37, p= 0.279 at PND91; 

F3,20= 1.32, p= 0.297 at PND98; F3,20= 1.07, p= 0.384 at PND105 and F3,20= 0.73, p= 

0.545 at PND112). The body weight curves are depicted in Figure 4.4 and 

descriptive statistics are summarised in Table A25 in the appendices. 
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Figure 4.4: Effects of in utero and/or neonatal exposure to amitriptyline on body 
weight (g) in the adolescent and adult periods in (A) male and (B) female rats (n=6-
18 for each group). Data are expressed as mean + standard deviation. V/V= Vehicle 
in gestation and neonatal period; V/A= vehicle in gestation, amitriptyline in neonatal 
period; A/V= amitriptyline in gestation, vehicle in neonatal period; A/A= 
amitriptyline in gestation and neonatal period 
 

4.3.1.3: Surface Righting (PND2-5) 

 

As the data were not all normal and homogenous, and there were not equal numbers 

in each group, a Friedman’s ANOVA by Ranks was carried out, followed by 

Kruskal-Wallis, Mann-Whitney U and Wilcoxon Signed-Rank multiple comparison 

tests.  A significant overall effect was found (Χ2
3 =16.6, p< 0.001). All days differed 

from one another, with time to right decreasing over each day. On PND2, animals 

exposed to amitriptyline in utero only (A/V) and in both periods (A/A) took longer 

to right than those exposed to amitriptyline neonatally only (V/A). On PND3,  A/A 

animals took longer to right than all other groups; at PND4 this group took longer to 

right than those exposed to amitriptyline prenatally only (A/V). There were no 

differences at PND5. There were sex differences from PND3-5, as females took 

longer to right than males on these days. There were also significant interactions at 

all timepoints, but there were no significant meaningful results in multiple 

comparison tests. The descriptive statistics for the surface righting test are 

summarised in Table 4.4. 
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Table 4.4: Effects of in utero and/or neonatal exposure to amitriptyline on time to 
right (s) in the surface righting reflex test (n=33-56/group). Data are median and 
interquartile range. V/V= Vehicle in gestation and neonatal period; V/A= vehicle in 
gestation, amitriptyline in neonatal period; A/V= amitriptyline in gestation, vehicle 
in neonatal period; A/A= amitriptyline in gestation and neonatal period 
 
    PND2 PND3 PND4 PND5 

Male V/V  15 (6-28) 6 (3-22) 5 (2-13) 2 (2-5) 

V/A 10 (5-25) 6.5 (2-17) 2 (1-15.75) 2 (1-7) 

 A/V 18 (7-30) 7 (2-22) 2 (1-7) 2 (1-5) 

 A/A 12 (6.5-30) 15 (6.5-28) 3 (2-15) 2 (1-3) 

      

Female V/V 14.5 (6.25-27.75) 10 (4-26.75) 6.5 (2-21.75) 3 (2-29) 

V/A  10 (5-25) 12 (3.5-21.5) 6 (2.5-16.5) 5 (1-13) 

A/V 19 (11-29) 8 (3-30) 4 (2-14) 4 (2-19.5) 

A/A  25 (11-30) 20 (5.5-30) 13 (2-26) 3 (1-14.5) 

 

4.3.1.4: Forelimb grip (PND14 and 17) 

 

As the data were not all normal and homogenous, and there were not equal numbers 

in each group, Wilcoxon Signed-Rank, Kruskal-Wallis ANOVA by Ranks and 

Mann-Whitney U tests were performed. A significant effect of testing day was found 

(W= 9.36, p< 0.001), as animals were able to stay on the bar for longer on PND17 

than PND14. No effects of drug (K= 7.47, p= 0.058 for PND14; K= 5.88, p= 0.118 

for PND17) or sex (U=1.16, p= 0.245 for PND14; U= 0.14, p= 0.888 for PND17) 

were found at either age. There was an interaction between the two at PND14 (K= 

14.93, p= 0.05), but not PND17 (K= 7.95, p= 0.337); however there were no 

significant multiple comparisons at the former timepoint. The descriptive statistics 

for the forelimb grip test are summarised in Table 4.5. 
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Table 4.5: Effects of in utero and/or neonatal exposure to amitriptyline on time to 
stay on the bar (s) in the forelimb grip test (n=36-57/group). Data are median and 
interquartile range. V/V= Vehicle in gestation and neonatal period; V/A= vehicle in 
gestation, amitriptyline in neonatal period; A/V= amitriptyline in gestation, vehicle 
in neonatal period; A/A= amitriptyline in gestation and neonatal period 
 
    PND14 PND17 

Male V/V  5 (3.5-10.5) 13 (6.5-15) 

V/A 7 (3-10.5) 15 (7-15) 

 A/V 7 (2.25-14.25) 11.5 (5.5-15) 

 A/A 5 (2-10) 13 (5-15) 

    

Female V/V 2 (2-6) 14 (4-15) 

V/A  6.5 (3.25-12) 15 (10-15) 

A/V 7.5 (2-15) 15 (6.5-15) 

A/A  5 (2-8.75) 11 (3.25-15) 

 

4.3.1.5: Elevated Plus Maze (PND28, 56, 84 and 112) 

 

The parameters measured in the elevated plus maze (EPM) were percentage time 

spent in the open arms (%OAT) and percentage entries into the open arms (%OAE). 

The data were all approximately normal and displayed homogeneity of variance, so 

Two-Way ANOVAs were carried out at each age, with amitriptyline exposure and 

sex as the independent variables.  

At PND28, there were no effects of in utero and/or neonatal amitriptyline exposure, 

sex or an interaction between the two on %OAT (F3,40= 0.51, p= 0.676 for drug; 

F1,40= 0.43, p= 0.513 for sex; F3,40= 0.47, p= 0.704 for interaction) or %OAE (F3,40= 

0.27, p= 0.849 for drug; F1,40= 2.89, p= 0.097 for sex; F3,40= 0.69, p= 0.565 for 

interaction). 

Similarly, at PND56, there were no effects of in utero and/or neonatal amitriptyline 

exposure, sex or an interaction between the two on %OAT (F3,40= 0.55, p= 0.655 for 

drug; F1,40= 3.12, p= 0.085 for sex; F3,40= 0.6, p= 0.622 for interaction) or %OAE 

(F3,40= 1.38, p= 0.263 for drug; F1,40= 2.59, p= 0.116 for sex; F3,40= 0.98, p= 0.412 

for interaction). 

At PND84, there were no effects of in utero and/or neonatal amitriptyline exposure 

on %OAT (F3,40= 1.66, p= 0.19) or %OAE (F3,40= 1.94, p= 0.138). There was no 

effect of sex (F1,40= 0.01, p= 0.926) or any interaction effect (F3,40= 0.64, p= 0.595) 

on %OAT. However, there was a significant effect of sex (F1,40= 4.03, p≤ 0.05) and 
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an interaction effect (F3,40= 2.861, p< 0.05) on %OAE, as males had increases in this 

parameter compared with females, in A/V animals only.  

At PND112, there were no effects of in utero and/or neonatal amitriptyline exposure, 

sex or an interaction between the two on %OAT (F3,40= 0.25, p= 0.861 for drug; 

F1,40= 0.4, p= 0.53 for sex; F3,40= 1.99, p= 0.131 for interaction). For %OAE, There 

was no sex (F1,40= 0.01, p= 0.908) or interaction effect (F3,40= 0.96, p= 0.423). There 

was a drug effect (F3,40= 3.176, p< 0.05) as A/V animals had lower %OAE than all 

other groups.  

The results for %OAT and %OAE are depicted in Figure 4.5; and descriptive 

statistics for both are summarised in Table A26 in the appendices. 
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Figure 4.5: Effects of in utero and/or neonatal exposure to amitriptyline (AMI) on 
(A) percentage entries into the open arm and (B) percentage time spent in the open 
arm of the elevated plus maze in male and female rats (n=6 for all groups) at PND28, 
56, 84 or 112. There was a drug effect at PND112 on %OAE as A/V animals had 
decreases in this parameter compared with all other groups. Data are expressed as 
mean + standard deviation. V/V= Vehicle in gestation and neonatal period; V/A= 
vehicle in gestation, amitriptyline in neonatal period; A/V= amitriptyline in gestation, 
vehicle in neonatal period; A/A= amitriptyline in gestation and neonatal period 
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4.3.1.6: Open Field (PND28, 56, 84 and 112) 

 

The parameter measured in the open field (OF) was distance moved (cm). The data 

were all approximately normal and displayed homogeneity of variance, so Two-Way 

ANOVAs were carried out at each age, with amitriptyline exposure and sex as the 

independent variables.  

At PND28, there was no effect of in utero and/or neonatal amitriptyline exposure, 

sex or an interaction between the two on distance moved (F3,40= 0.67, p= 0.579 for 

drug; F1,40= 0.04, p= 0.843 for sex; F3,40= 0.68, p= 0.571 for interaction). 

Similarly, at PND56, there was no effect of in utero and/or neonatal amitriptyline 

exposure, sex or an interaction between the two (F3,40= 1.21, p= 0.318 for drug; 

F1,40= 1.17, p= 0.285 for sex; F3,40= 2.02, p= 0.126 for interaction). 

At PND84, there was no effect of in utero and/or neonatal amitriptyline exposure or 

an interaction between drug exposure and sex on distance moved (F3,40= 0.06, p= 

0.98 for drug; F3,40= 0.85, p= 0.474 for interaction), however there was a significant 

effect of sex (F1,40= 5.96, p< 0.05), as females had higher locomotor activity than 

males.  

Similarly, at PND112, there was no effect of in utero and/or neonatal amitriptyline 

exposure or an interaction between drug exposure and sex on distance moved (F3,40= 

0.89, p= 0.453 for drug; F3,40= 0.64, p= 0.592 for interaction). There was a 

significant effect of sex (F1,40= 4.59, p< 0.05), as females had higher locomotor 

activity than males.  

The results are depicted in Figure 4.6 and descriptive statistics are summarised in 

Table A27 in the appendices. 
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Figure 4.6: Effects of in utero and/or neonatal exposure to amitriptyline on distance 
moved (cm) in the open field in male and female rats (n=6 for all groups) at PND28, 
56, 84 or 112. Females had higher distance moved than males at PND84 and 112. 
Data are expressed as mean + standard deviation. V/V= Vehicle in gestation and 
neonatal period; V/A= vehicle in gestation, amitriptyline in neonatal period; A/V= 
amitriptyline in gestation, vehicle in neonatal period; A/A= amitriptyline in gestation 
and neonatal period 
 

4.3.1.7: Morris Water Maze (PND71-83) 

 

Due to an equipment malfunction, path length (cm), swim speed (cm/s) and 

percentage time in the southwest quadrant could not be determined in this study. 

Thus, time taken to find the platform (s) from acquisition days 1-4 was measured. 

Data were not all approximately normal and some did not display homogeneity of 

variance, but there were equal numbers in each group and only one assumption was 

violated at a time. Thus, a Repeated Measures ANOVA was carried out, with 

amitriptyline exposure and sex as the independent variables.  

There was an effect of acquisition day (F3,120= 60.54, p< 0.001), this parameter 

decreased over time after day 2. There was no interaction between day and any 

independent variable (F9,120= 0.84, p= 0.58 for day*drug, F3,120= 1.13, p= 0.338 for 

day*sex and F9,120= 0.73, p= 0.679 for day*drug*sex). There was no overall effect of 

drug exposure (F3,40= 0.73, p= 0.541), sex (F1,40= 0.06, p= 0.813) or an interaction 

(F3,40= 2.52, p= 0.072). Morris Water Maze results are depicted in Figure 4.7 and 

descriptive statistics are summarised in Table A28 in the appendices. 
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Figure 4.7: Effects of in utero and/or neonatal exposure to amitriptyline on time 
taken to find the platform (s) over acquisition days 1-4 in the Morris water maze in 
(A) male and (B) female rats (n=6 for all groups). Data are expressed as mean + 
standard deviation. V/V= Vehicle in gestation and neonatal period; V/A= vehicle in 
gestation, amitriptyline in neonatal period; A/V= amitriptyline in gestation, vehicle 
in neonatal period; A/A= amitriptyline in gestation and neonatal period 
 

4.3.1.8: Forced swim test (PND60) 

 
The parameter measured in the forced swim test was immobility time (in seconds). 

Data were normal and displayed homogeneity of variance, so a Two-Way ANOVA 

was carried out. There was no effect of drug (F3,40= 1.62, p= 0.2) or an interaction 

effect (F3,40= 0.56, p= 0.644). However, there was an effect of sex (F1,40= 4.19, p< 

0.05), with lower immobility time in females compared with males. The descriptive 

statistics are summarised in Table 4.6.  

 

  

A 
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Table 4.6: Effects of in utero and/or neonatal exposure to amitriptyline on 
immobility time (s) in the forced swim test (n=6/group). There was an overall sex 
effect. Data are mean ± standard deviation. V/V= Vehicle in gestation and neonatal 
period; V/A= vehicle in gestation, amitriptyline in neonatal period; A/V= 
amitriptyline in gestation, vehicle in neonatal period; A/A= amitriptyline in gestation 
and neonatal period 
 
    Immobility time (s) 

Male V/V  225±34 

V/A 226±33 

 A/V 226±36 

 A/A 202±77 

   

Female V/V 227±38 

V/A  188±39 

 A/V 189±51 

 A/A  170±27 

 

4.3.2: Prenatal and/or neonatal exposure to fluoxetine 

 

4.3.2.1: Gestational body weight and birth outcomes 

 

All data were homogenous and normal, thus a Repeated Measures ANCOVA was 

carried out to determine if fluoxetine had any effect on body weight during gestation, 

with litter size included as a covariate. No significant effect of time was found 

(F13,286= 1.39, p= 0.164). No effect of drug or interaction between drug and time 

were found (F1,22= 1.34, p= 0.259 and F13,286= 1.37, p= 0.171). A Mann-Whitney U 

Test was carried out to determine if there were any effects of gestational 

administration of fluoxetine on litter size, with no significant differences seen (U= 

127, p= 0.167). No effect on ratio of male: female pups in each litter was seen 

following a independent samples t-test (|t|26= 0.91, p= 0.371). The body weight curve 

and total weight gain are depicted in Figure 4.8 and descriptive statistics for body 

weight and birth outcomes are summarised in Table A29 in the appendices and 

Tables 4.7 and 4.8. 
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Figure 4.8: (A) Body weight (g) throughout gestation and (B) Total weight gain (g) 
from gestational day 7-20 for animals exposed to control (n=13) or fluoxetine (n=15). 
Data are mean and standard deviation. 
  

Table 4.7: Effects of in utero exposure to fluoxetine on male: female ratio in litters 
(n=13-15/group). Data are mean ± standard deviation.  
 
  Male: Female ratio 

Control 0.45±0.14 

Fluoxetine 0.5±0.13 

 
Table 4.8: Effects of in utero exposure to fluoxetine on litter size (n=13-15/group). 
Data are median and interquartile range. 
 
  Litter size 

Control 14 (12-15) 

Fluoxetine 16 (14-16) 

 

4.3.2.2: Pup weight 

 

As data displayed approximate normality and homogeneity of variance, a Two-Way 

ANCOVA was carried out to determine if there was an effect of in utero exposure to 

fluoxetine on birth weight in male and female pups, with litter size included as a 

covariate. A significant drug effect was found (F1, 326= 13.73, p< 0.001), with birth 

weight for fluoxetine-exposed pups lower than control pups. A significant sex effect 

was also found (F1, 326= 27.14, p< 0.001); females had lower birth weight than males. 

No interaction between sex and drug exposure was found (F1, 326= 1.73, p= 0.19). 

These effects are depicted in Figure 4.9 and descriptive statistics are summarised in 

Table A30 in the appendices. 

A 
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Figure 4.9: Effects of in utero exposure to fluoxetine on birth weight (g) in male 
(n=63 for control and 83 for fluoxetine) and female (n=69 for control and 83 for 
fluoxetine) rat pups. Significant drug and sex effects were found. Data are expressed 
as mean + standard deviation.  
 
As the data for neonatal body weight were not all normal and homogenous, and there 

were different numbers in each group, Kruskal-Wallis ANOVAs by ranks were 

performed at each timepoint. In males, effects were seen at postnatal day (PND) 2 

(K= 7.85, p< 0.05), 18 (K= 11.572, p< 0.01) and 22 (K= 13.65, p< 0.01). No effects 

were seen in multiple comparisons at PND2, while at the later ages animals exposed 

to fluoxetine either prenatally (F/V) or in the postnatal period (V/F) were heavier 

than those exposed to vehicle throughout both periods (V/V). There were no effects 

at PND4 (K= 1.49, p= 0.684), 8 (K= 4.32, p= 0.229), 11 (K= 7.78, p= 0.051), 15 (K= 

7.74, p= 0.052) or 28 (K= 3.92, p= 0.27). The trends towards differences at PND11 

and 15 were similar to the differences seen at PND18 and 22.  

In females, effects were seen at postnatal day (PND) 2 (K= 26.14, p< 0.001), 4 (K= 

15.87, p≤ 0.001), 15 (K= 9.88, p< 0.05), 18 (K= 11.64, p< 0.01) and 22 (K= 16.48, 

p≤ 0.001). At PND2 and 4, animals exposed to fluoxetine prenatally (F/V) had lower 

body weight than those exposed to vehicle throughout both periods (V/V) or exposed 

to fluoxetine postnatally (V/F). At PND15, there were no differences in multiple 

comparisons while at PND18 and 22, V/F animals weighed more than V/V animals. 

There were no differences at PND8 (K= 3.9, p= 0.272), 11 (K= 4.16, p= 0.245) or 28 

(K= 6.94, p= 0.074). The body weight curve is depicted in Figure 4.10 and 

descriptive statistics are summarised in Table A31 in the appendices. 
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Figure 4.10: Effects of in utero and/or neonatal fluoxetine exposure on body weight 
(g) in the neonatal period in (A) male rats (n=18-45) and (B) female rats (n=18-50). 
Data are expressed as median and interquartile range. V/V= Vehicle in gestation and 
neonatal period; V/F= vehicle in gestation, fluoxetine in neonatal period; F/V= 
fluoxetine in gestation, vehicle in neonatal period; F/F= fluoxetine in gestation and 
neonatal period 
 
The data for adolescent body weight were approximately normal and homogenous so 

One-Way ANOVAs were performed at each timepoint.  

In males, there was a significant effect of early exposure to fluoxetine on body 

weight at PND35 (F3,68= 3.6, p< 0.05), as animals exposed to fluoxetine postnatally 

had lower body weight than those exposed to fluoxetine prenatally. There were no 

effects at PND42 (F3,68= 2.33, p= 0.082), 49 (F3,68= 0.33, p= 0.271) or 56 (F3,68= 

0.92, p= 0.44).  

In females, there was no effect of early exposure to fluoxetine on body weight at 

PND35 (F3,68= 0.62, p= 0.604) or 42 (F3,68= 1.83, p= 0.149). There was an effect at 

both PND49 (F3,68= 3.4, p< 0.05) and 56 (F3,68= 4.39, p< 0.01) as animals exposed to 

fluoxetine throughout both the prenatal and postnatal periods (F/F) weighed less than 

all other groups. The body weight curve is depicted in Figure 4.11 and descriptive 

statistics are summarised in Table A32 in the appendices. 

 

Adult body weight was measured from PND63-112. Data were normal and displayed 

homogeneity of variance, so One-Way ANOVAs were carried out at each timepoint. 

In males, no effects of in utero and/or neonatal exposure to fluoxetine on body 

weight were seen at any age (F3,44= 0.4, p= 0.753 for PND63; F3,44= 0.15, p= 0.93 

for PND70; F3,44= 0.18, p= 0.906 for PND77; F3,44= 0.4, p= 0.988 for PND84; F3,20= 

0.38, p= 0.766 for PND91; F3,20= 0.16, p= 0.919 for PND98; F3,20= 0.09, p= 0.964 

for PND105 and F3,20= 0.37, p= 0.773 for PND112). 

In females, there were effects of early life exposure to fluoxetine on body weight at 

PND63 (F3,44= 2.91, p< 0.05), 70 (F3,44= 2.93, p< 0.05) and 77 (F3,44= 3.08, p< 0.05). 

B A 
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No differences in Post-Hoc multiple comparisons were seen at PND63 or 77, but at 

PND70, animals exposed to fluoxetine throughout both the prenatal and postnatal 

periods (F/F) weighed less than those exposed to vehicle during these times (V/V). 

There were no effects of early life fluoxetine exposure later on in adulthood (F3,44= 

2.38, p= 0.083 at PND84; F3,20= 0.26, p= 0.853 at PND91; F3,20= 0.27, p= 0.844 at 

PND98; F3,20= 0.09, p= 0.962 at PND105 and F3,20= 0.36, p= 0.781 at PND112). The 

body weight curves are depicted in Figure 4.11 and descriptive statistics are 

summarised in Table A33 in the appendices. 
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Figure 4.11: Effects of in utero and/or neonatal fluoxetine on body weight (g) in the 
adolescent and adult periods in (A) male rats (n=6-18) and (B) female rats (n=6-18). 
Data are expressed as mean + standard deviation. V/V= Vehicle in gestation and 
neonatal period; V/F= vehicle in gestation, fluoxetine in neonatal period; F/V= 
fluoxetine in gestation, vehicle in neonatal period; F/F= fluoxetine in gestation and 
neonatal period 
 

4.3.2.3: Surface Righting (PND2-5) 

 

As the data were not all normal and homogenous, and there were not equal numbers 

in each group, a Friedman’s ANOVA by Ranks was carried out, followed by 

Kruskal-Wallis, Mann-Whitney U and Wilcoxon Signed-Rank multiple comparison 

tests.  A significant overall effect was found (Χ2
3= 143.32, p< 0.001). All days 

differed from one another, as time to right decreased over each day, with the 

exception of PND3-4. On PND2, animals exposed to fluoxetine in utero only (F/V) 

and in both periods (F/F) took less time to right than those exposed to vehicle in both 

periods (V/V). On PND3, animals exposed to fluoxetine in the neonatal period (V/F) 

took less time to right than V/V animals. On PND4, V/F animals took less time to 

right than the F/V group and there were no drug effects on PND5. There were sex 

differences on PND4 and 5, as females took longer to right than males on these days. 

There were also significant interactions at all timepoints, but there were no 

A B 
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significant results in multiple comparison tests. The descriptive statistics for the 

surface righting test are summarised in Table 4.9. 

 
Table 4.9: Effects of in utero and/or neonatal exposure to fluoxetine on time to right 
(s) in the surface righting reflex test (n=28-59/group). Some drug effects were 
apparent from PND2-4 and females took longer to right than males on PND4 and 5. 
Data are median and interquartile range. V/V= Vehicle in gestation and neonatal 
period; V/F= vehicle in gestation, fluoxetine in neonatal period; F/V= fluoxetine in 
gestation, vehicle in neonatal period; F/F= fluoxetine in gestation and neonatal 
period 
 
    PND2 PND3 PND4 PND5 

Male V/V 16 (8.75-30) 11 (5-17.5) 6 (3-16.25) 2 (1.75-4.25) 

V/F 9.5 (5-25.5) 4 (3-17.25) 5 (2.25-13.5) 3 (2-8) 

 F/V 12 (6-20) 10 (4-15) 6 (3-20) 3 (2-5) 

F/F 10 (5-27) 7 (4-18) 6 (3-23) 6 (2-16) 

      

Female V/V 20 (10-30) 12 (7-27) 10 (4-21) 5 (2-19) 

 V/F 17 (6-27.5) 6 (3-19.5) 5 (3-10.25) 3 (2-6.25) 

 F/V 11 (7-26) 10 (6-20) 20 (5-29) 4 (2-16) 

 F/F 12 (6-30) 10 (5-17.5) 9 (2.5-20.5) 6 (2-13.5) 

 
 

4.3.2.4: Forelimb grip (PND14 and 17) 

 

Although the data displayed homogeneity of variance, they were not normal and 

there were not equal numbers in each group, thus Wilcoxon Signed-Rank, Kruskal-

Wallis ANOVA by Ranks and Mann-Whitney U tests were performed.  

 

A significant effect of testing day was found (W= 6.18, p< 0.001), as animals were 

able to stay on the bar for longer on PND17 than PND14. A drug effect was found at 

PND14 (K= 18.22, p< 0.001) but not 17 (K= 4.55, p= 0.208). At PND14, animals 

exposed to fluoxetine in the neonatal period only (V/F) stayed on the bar for longer 

than V/V animals, while F/F animals had less time on the bar than those exposed 

either prenatally or neonatally. There were no effects of sex (U=1.6, p= 0.11 for 

PND14; U= 0.17, p= 0.864 for PND17) at either age. There was an interaction 

between the two at PND14 (K= 28.58, p< 0.001), but not PND17 (K= 11.86, p= 

0.105); however the only meaningful multiple comparison at the former timepoint 

was that male pups exposed to fluoxetine throughout both periods (F/F) stayed on 
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the bar for less time than those exposed to fluoxetine prenatally only (F/V). The 

descriptive statistics for the forelimb grip test are summarised in Table 4.10. 

 

Table 4.10: Effects of in utero and/or neonatal exposure to fluoxetine on time to stay 
on the bar (s) in the forelimb grip test (n=24-57/group). Data are median and 
interquartile range. V/V= Vehicle in gestation and neonatal period; V/F= vehicle in 
gestation, fluoxetine in neonatal period; F/V= fluoxetine in gestation, vehicle in 
neonatal period; F/F= fluoxetine in gestation and neonatal period 
 
   PND14 PND17 

Male V/V 5 (3-9) 12 (5-15) 

 V/F 8 (5.25-13.25) 12 (5.5-15) 

 F/V 10 (6-14) 15 (8-15) 

 F/F 5 (2-9) 7 (4-15) 

    

Female V/V 7 (3-15) 8 (5-15) 

 V/F 11.5 (7.75-15) 12.5 (7-15) 

 F/V 7 (4-12.5) 12 (6-15) 

 F/F 6 (2.5-11.5) 15 (6-15) 

 
 

4.3.2.5: Elevated Plus Maze (PND28, 56, 84 and 112) 

 

The data were all approximately normal and though some did not display 

homogeneity of variance, there were equal numbers in each group, so Two-Way 

ANOVAs were carried out at each age, with fluoxetine exposure and sex as the 

independent variables.  

At PND28, there was no effect of fluoxetine exposure, sex or an interaction between 

the two on %OAT (F3,40= 0.19, p= 0.9 for drug; F1,40= 0.1, p= 0.754 for sex; F3,40= 

2.27, p= 0.095 for interaction). Similarly, there was no drug or sex effect on %OAE 

(F3,40= 0.54, p= 0.661 for drug; F1,40= 1.39, p= 0.245 for sex) but there was an 

interaction effect (F3,40= 3.5, p< 0.05), however no groups were different to one 

another in Post-Hoc tests.  

At PND56, there was no effect of sex on %OAT (F1,40= 2.8, p= 0.102) or %OAE 

(F1,40= 0.6, p= 0. 445); nor was there any effect of fluoxetine exposure on %OAE 

(F3,40= 2.21, p= 0.102). There was an effect of drug exposure on %OAT (F3,40= 5.54, 

p< 0.01), as well as an interaction effect on both parameters (F3,40= 6.29, p≤ 0.001 

for %OAT; F3,40= 2.98, p< 0.05 for %OAE). No differences in %OAE were seen in 
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Post-Hoc multiple comparisons, but rats exposed to fluoxetine prenatally only (F/V) 

and in both periods (F/F) had lower %OAT than control animals (V/V) and those 

exposed to fluoxetine neonatally only (V/F); this effect was seen in males only. 

At PND84, there was no effect of drug exposure (F3,40= 1.96, p= 0.136), sex (F1,40= 

0.02, p= 0.898) or an interaction between the two (F3,40= 2.33, p= 0.089) on %OAE.  

There was an effect of fluoxetine exposure (F3,40= 3.04, p< 0.05) and sex (F1,40= 6.28, 

p< 0.05), but no interaction effect (F3,40= 2.3, p= 0.872) on %OAT. Females had 

higher %OAT than males overall. Post-Hoc Student-Newman-Keuls tests did not 

reveal any differences between drug groups, however an LSD test showed that F/V 

and F/F animals had less %OAT than V/V animals. 

At PND112, there was no effect of in utero fluoxetine exposure, or any interaction 

effect on %OAT (F3,40= 1.81, p= 0.161 for drug; F3,40= 0.43, p= 0.73 for interaction) 

or %OAE (F3,40= 1.49, p= 0.233 for drug; F3,40= 2.31, p= 0.091 for interaction). 

There were sex effects for both parameters (F1,40= 8.7, p< 0.01 for %OAT; F1,40= 

4.77, p< 0.05 for %OAE), as females had higher levels of both parameters.  

The results for %OAT and %OAE are depicted in Figure 4.12; and descriptive 

statistics for both are summarised in Table A34 in the appendices. 
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Figure 4.12: Effects of in utero and/or neonatal exposure to fluoxetine (FLX) on (A) 
percentage entries into the open arm and (B) percentage time spent in the open arm 
of the elevated plus maze in male and female rats (n=6 for all groups) at PND28, 56, 
84 or 112. *** p< 0.001 vs.  V/V males. Data are expressed as mean + standard 
deviation. V/V= Vehicle in gestation and neonatal period; V/F= vehicle in gestation, 
fluoxetine in neonatal period; F/V= fluoxetine in gestation, vehicle in neonatal 
period; F/F= fluoxetine in gestation and neonatal period 

 

4.3.2.6: Open Field (PND28, 56, 84 and 112) 

 

The data were all approximately normal and displayed homogeneity of variance, so 

Two-Way ANOVAs were carried out at each age, with fluoxetine exposure and sex 

as the independent variables.  

At PND28, there was no effect of in utero fluoxetine exposure, sex or an interaction 

between the two on distance moved (F3,40= 0.44, p= 0.734 for drug; F1,40= 0.38, p= 

0.541 for sex; F3,40= 1.29, p= 0.292 for interaction). 

At PND56, there was no effect of in utero and/or neonatal fluoxetine exposure or 

any interaction effect (F3,40= 1.75, p= 0.173 for drug; F3,40= 0.76, p= 0.523 for 

interaction), however, there was a sex effect (F1,40= 10.74, p< 0.01), with increased 

locomotor activity in females. 

B 

A 
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At PND84, there was no interaction effect between fluoxetine exposure and sex on 

distance moved (F3,40= 0.09, p= 0.966). There was a drug effect (F3,40= 4.06, p< 

0.05); animals exposed to fluoxetine prenatally and neonatally (F/F) had lower 

locomotor activity than those exposed during either of these periods. There was also 

a sex effect (F1,40= 4.51, p< 0.05), as females had higher distance moved than males. 

The results for distance moved are depicted in Figure 4.13 and descriptive statistics 

for both are summarised in Table A35 in the appendices. 

Male Female Male Female Male Female
0

1000

2000

3000

4000

V/V

V/F

F/V

F/F

PND28 PND56 PND84

D
is

ta
n

c
e
 M

o
v
e
d

 (
c
m

)

 
Figure 4.13: Effects of in utero and/or neonatal exposure to fluoxetine on distance 
moved (cm) in the open field in male and female rats (n=6 for all groups) at PND28, 
56 or 84. Data are expressed as mean + standard deviation. V/V= Vehicle in 
gestation and neonatal period; V/F= vehicle in gestation, fluoxetine in neonatal 
period; F/V= fluoxetine in gestation, vehicle in neonatal period; F/F= fluoxetine in 
gestation and neonatal period 

 

4.3.2.7: Morris Water Maze (PND95-99) 

 

The data were all approximately normal and displayed homogeneity of variance, so 

Repeated Measures ANOVAs were carried out for path length, swim speed and time 

to find the platform; a Two-Way ANOVA was carried out for percentage time spent 

in the southwest quadrant. Fluoxetine exposure and sex were the independent 

variables. There were some missing values for Day 3, so this day was not included in 

the analysis.  

For path length, there was an effect of acquisition day (F2,80= 39.3, p< 0.001), with a 

decrease in this parameter over each day. There was no interaction between day and 

any independent variable (F6,80= 0.97, p= 0.449 for day*drug, F2,80= 1.08, p= 0.345 

for day*sex and F6,80= 0.45, p= 0.84 for day*drug*sex). There was no overall effect 

of drug exposure (F3,40= 0.3, p= 0.827),  sex (F1,40= 1.14, p= 0.292) or any 

interaction effect between these two parameters (F3,40= 1.76, p= 0.171). 
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For swim speed, there was an effect of acquisition day (F2,80= 6.37, p< 0.01), with a 

decrease on day 4 compared with day 2. There was an interaction between day and 

drug (F6,80= 3.33, p< 0.01), as animals exposed neonatally to fluoxetine (V/F) had a 

slower swim speed than those exposed during both periods on day 1 only. There was 

no interaction between day and sex (F2,80= 0.15, p= 0.865) or a three-way interaction 

between the variables (F6,80= 0.9, p= 0.501). There was no overall effect of drug 

(F3,40= 0.66, p= 0.581) sex (F1,40= 3.73, p= 0.06) or an interaction between the two 

(F3,40= 0.34, p= 0.795). 

For time taken to find the platform, there was an effect of acquisition day (F3,120= 

37.04, p< 0.001), with a decrease in this parameter over each day. There was no 

interaction between day and any independent variable (F9,120= 0.78, p= 0.635 for 

day*drug, F3,120= 1.44, p= 0.234 for day*sex and F9,120= 0.7, p= 0.704 for 

day*drug*sex). There was no overall effect of drug exposure (F3,40= 0.47, p= 0.706), 

sex (F1,40= 1.18, p= 0.734) or any interaction effect between these two parameters 

(F3,40= 2.09, p= 0.117). 

Regarding percentage time spent in the southwest quadrant during the probe test, 

there was no overall effect of drug exposure (F3,40= 1.04, p= 0.384), sex (F1,40= 0.02, 

p= 0.899) or an interaction between the two (F3,40=1.13, p= 0.348). 

Morris Water Maze results are depicted in Figure 4.14 and descriptive statistics are 

summarised in Table A36 in the appendices. 
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Figure 4.14: Effects of in utero and/or neonatal exposure to fluoxetine (FLX) on (A) 
path length (cm); (B) swim speed (cm/s); (C) time taken to find the platform (s) and 
(D) percentage time spent in the southwest quadrant in the Morris water maze in 
male and female rats (n=6 for all groups). A, B and C are over acquisition days 1-4, 
D is the probe trial, with the dashed line at 25% showing the likelihood that the rat 
will be in this quadrant. Data are expressed as mean + standard deviation. V/V= 
Vehicle in gestation and neonatal period; V/F= vehicle in gestation, fluoxetine in 
neonatal period; F/V= fluoxetine in gestation, vehicle in neonatal period; F/F= 
fluoxetine in gestation and neonatal period 
 

  

A 

B 

C 

D 



                                4: In utero and/or neonatal exposure to amitriptyline or fluoxetine 

171 
 

4.3.2.8: Forced swim test (PND60) 

 
The parameter measured in the forced swim test was immobility time (in seconds). 

Data were normal and displayed homogeneity of variance, so a Two-Way ANOVA 

was carried out. There was no effect of drug (F3,39= 2.39, p= 0.083) or an interaction 

effect (F3,39= 0.53, p= 0.665). However, there was a strong trend towards an effect of 

sex which just failed to reach statistical significance (F1,39= 4.07, p= 0.051), with 

lower immobility time in females compared with males. The descriptive statistics are 

summarised in Table 4.11.  

 

Table 4.11: Effects of in utero and/or neonatal exposure to fluoxetine on immobility 
time (s) in the forced swim test (n=5-6/group). Data are mean ± standard deviation. 
V/V= Vehicle in gestation and neonatal period; V/F= vehicle in gestation, fluoxetine 
in neonatal period; F/V= fluoxetine in gestation, vehicle in neonatal period; F/F= 
fluoxetine in gestation and neonatal period 
 
    Immobility time (s) 

Male V/V  170±63 

V/F  172±45 

 F/V 224±23 

 F/F 209±41 

   

Female V/V  170±35 

V/F  129±75 

 F/V 177±62 

 F/F 179±44 

 

  



                                4: In utero and/or neonatal exposure to amitriptyline or fluoxetine 

172 
 

4.4: Discussion 

 

The aim of the research covered in this chapter was to assess the effects of prenatal 

and/or neonatal exposure to amitriptyline or fluoxetine on body weight, reflex 

development in the neonatal period and behaviour in adolescence and adulthood. 

Each parameter will be considered separately, with the effects of both amitriptyline 

and fluoxetine discussed. 

Maternal body weight was unaffected by either amitriptyline or fluoxetine exposure. 

For both drugs, this corresponds with the results found in Chapter 3, thus it can be 

concluded that 10mg/kg/day of amitriptyline and 5mg/kg/day of fluoxetine via oral 

gavage from GD7-21 does not result in maternal toxicity. The lack of effect of 

fluoxetine in the present work is in keeping with previous findings that this drug, at 

this dose, does not affect maternal weight gain in the gestational period (Byrd et al., 

1994; Cagiano et al., 2008; Vorhees et al., 1994).  

Birth weight was decreased following both amitriptyline and fluoxetine exposure; 

both produced overall drug effects. The effects of amitriptyline are similar to those 

seen in Chapter 3, as well as in previous work in the area (Henderson et al., 1990). 

The possible contribution of route of administration and nortriptyline, the active 

metabolite of amitriptyline is discussed in the previous chapter. The effect of 

fluoxetine is surprising as, in the previous study, no drug effects were seen. Caution 

must be exercised when interpreting drug effects on birth weight, as litter size may 

play a role, thus this variable was included as a covariate. The litters produced by 

mothers exposed to fluoxetine were slightly, but not significantly higher than those 

exposed to the vehicle. Although the overall male: female ratio was 0.5 in these 

litters, it is possible that there may be more of one sex or the other in the larger litters, 

which would thus result in smaller pups overall and may contribute to the effect of 

drug effects. This is coupled with the fact that previous studies have found no effect 

of this dose of fluoxetine on birth weight, regardless of route of administration 

(Cagiano et al., 2008; Vorhees et al., 1994). The litter sizes in the amitriptyline study 

were almost equal and so more confidence may be attributed to the interpretation of 

this result as a drug effect. In these studies, as well as those carried out in Chapter 3, 

no females littered earlier than expected, thus lending strength to the theory that 

neither amitriptyline nor fluoxetine has an effect on gestational length. 
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Throughout the lifespan of the animals, the only effect of amitriptyline found was in 

male pups, with an increase in body weight at PND21 and 28 in animals exposed 

during both periods compared with those exposed postnatally only. As no effects 

were seen when either dosing regime was compared with the vehicle group and the 

increases in body weight were transient, it is possible that they reflect the large 

volume of statistical analyses carried out, rather than representing an actual effect of 

prenatal exposure to amitriptyline. However, the fact that this result was found on 

two successive occasions lends support to the theory that this result reflects a real 

difference in body weights. Although no other studies of this kind exist for 

amitriptyline, exposure during the prenatal and/or neonatal period to another TCA, 

clomipramine, was not found to have any effects on body weight at either birth or 

weaning in the rat (Rodriguez Echandia et al., 1983).  

In neonatal males, exposure to fluoxetine in either the prenatal or postnatal period, 

but not both, resulted in increases in body weight from PND11-22, with the only 

other effect in this sex being a decrease in body weight in those exposed postnatally 

only versus those exposed prenatally only. These effects may be compared to those 

found in the study by Lisboa et al. (2007), where no effects of fluoxetine via oral 

gavage, administered throughout gestation and the neonatal period, on body weight 

at PND8, 15 or 22  were seen. Although mice were used in this study and the dose 

was 7.5mg/kg/day, the lack of effect of dosing during both periods is similar to that 

seen in the present research. In females, prenatal exposure to fluoxetine led to 

decreases in body weight at PND2 and 4, continuing on from the decreased birth 

weight seen, while postnatal only exposure to fluoxetine resulted in increased body 

weight at PND18 and 22, similar to that seen in male pups. Later in life, exposure to 

fluoxetine during both periods resulted in a decrease in body weight at PND49, 56 

and 70; there were also overall drug effects at PND63 and 77. The only study that 

could be found which measured adult body weight following exposure to fluoxetine 

during some of both the gestational and neonatal period was by Forcelli et al. (2008). 

In this study, fluoxetine (10mg/kg) was administered by osmotic minipump from 

GD14 for 14 days. A reduction in body weight overall at PND60 was seen in this 

study, which corresponds with that seen for female, but not male, rats in the present 

research. Also, fluoxetine was not found to have any effect on adult mice (PND120) 

following exposure during both the prenatal and neonatal periods (Gouvea et al., 

2008). 
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In the previous chapter, prenatal exposure to fluoxetine led to decreased body weight 

early on in the neonatal period; however this finding was not replicated in the present 

study. The only experimental difference between these two studies is the 

continuation of maternal administration throughout the neonatal period; it is thus 

possible that this may have played a role. A single oral gavage administration has 

been found to increase corticosterone in rats (Brown et al., 2000), although this was 

dependent upon the vehicle administered; this hormone is produced in response to 

stress. Studies into the later effects of prenatal exposure to maternal stress have been 

carried out since the 1970s (Hutchings et al., 1970), with both behavioural and 

neurochemical changes induced; for a review of this area, see Weinstock (2005). 

However, no studies could be found which investigated the effects of maternal stress 

in the neonatal period, thus it is not possible to determine if stress at this time has 

effects on pups later in life, or even if oral gavage itself may be a sufficient stressor 

to produce changes. Work in this area is warranted as the oral gavage route is often 

used in studies of gestational administration (see Figure 1.2 in Chapter 1).  

In the acquisition of the surface righting reflex, no amitriptyline-exposed groups 

differed from the control group with the exception of those exposed during both 

periods on PND3. There were differences between other groups, but none that 

endured past single testing days. In utero exposure to fluoxetine, regardless of 

neonatal exposure, produced effects on PND2 in the form of a faster time to right 

than controls, while those exposed neonatally only had less time to right than 

vehicle-exposed animals on PND3 and differences at PND4 were between those 

exposed in utero and those exposed neonatally. Thus, as with the amitriptyline-

exposed animals, there were no enduring effects on acquisition of the surface 

righting reflex. This mirrored the results seen in Chapter 3. As with both studies in 

the previous chapter, there was an effect of sex towards the latter part of the testing 

period in the two studies presented here; females had a delay in reflex acquisition. 

Behavioural effects following in utero and/or neonatal exposure to amitriptyline or 

fluoxetine are summarised in Tables 4.12 and 4.13. 

With regard to the forelimb grip test, animals exposed neonatally to fluoxetine had 

higher grip strength than controls at PND14, while those exposed during both 

periods did not remain on the bar for as long as those exposed during either the 

prenatal or postnatal period. The deficit in forelimb grip seen in Chapter 3 following 

prenatal exposure to fluoxetine was not repeated in this experiment; this result 
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cannot be explained as again, the only difference between the previous work and that 

presented in this chapter is that mothers were exposed to vehicle via oral gavage. In 

fact, although females in both groups had the same median time to stay on the bar, 

males exposed prenatally seemed to remain on the bar for longer than controls thus 

any differences that would have been found would be in the opposite direction to 

those seen previously. As with the research in the previous chapter, no sex effects or 

effects of early life exposure to amitriptyline were evident in this test. As discussed 

in the previous chapter, differences in methodologies mean it is almost impossible to 

compare the results found in the present work with those in studies carried out 

previously. 

In the elevated plus maze, no effects of prenatal and/or neonatal amitriptyline were 

seen at any age for time spent in the open arms; this corroborated the findings of the 

previous study. However, there were some differences in results obtained for 

percentage entries into the open arms. In the present research, effects were only seen 

at PND112, as animals exposed to the drug in the prenatal period only had a decrease 

in this parameter compared with the other groups. This is the opposite effect to the 

increase in percentage open arm entries found previously, which was only apparent 

in females. Also, the previous finding that percentage entries into the open arms 

were increased in females exposed prenatally to amitriptyline was not replicated in 

this study. The reason for the difference in effects at PND56 appears to be a higher 

control value in the previous study, as the values for females exposed to 

amitriptyline prenatally is quite similar across the two studies. On the other hand, the 

differences at PND112 cannot be explained in this manner as the control values 

across the two studies are comparable. Once again, the only difference between the 

two studies is postnatal maternal treatment, which is an area that merits further 

investigation.   

Effects seen with amitriptyline were confined to the percentage entries into the open 

arms, while fluoxetine effects were solely on percentage time spent in the open arms. 

This parameter was decreased following prenatal fluoxetine exposure, regardless of 

postnatal exposure at PND56 and 84; effects in the younger animals were in males 

only while there were overall drug effects in older animals. Some caution must be 

exercised when interpreting the results at PND84. While the percentage of time spent 

in the open arms does appear to be decreased, there are large error bars for the 

control values, which means that a difference was only detected when an LSD, but 
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not a Student-Newman-Keuls Post-Hoc comparison was applied. The control values 

at PND112 in males in this study were also much lower than those seen in any of the 

other studies. Previously in rats, fluoxetine delivered via maternal osmotic mini-

pump in the last part of gestation and early neonatal period resulted in no changes in 

entries into or time spent in the open arms in the elevated plus maze at PND30 

(Forcelli et al., 2008). This was also the case in mice exposed throughout gestation 

and the neonatal period to this drug, with no effects seen at PND40 or 70 for males 

and PND30 or 70 for females (Lisboa et al., 2007).  

There were no effects of prenatal and/or neonatal exposure to amitriptyline or 

fluoxetine in the open field at any age, with the exception of a decrease in locomotor 

activity in animals exposed to fluoxetine during both periods when compared with 

exposure during any single period at PND84. As expected, there were sex effects 

with an increase in distance moved in females, although this manifested later in the 

amitriptyline study than in the fluoxetine study. The lack of effects of prenatal 

exposure to fluoxetine mirrors those seen in the previous chapter. Exposure to 

7.5mg/kg/day fluoxetine in mice throughout gestation and the neonatal period was 

found to decrease ambulation in males at PND40, but not 70, with no effects in 

females (Lisboa et al., 2007); however it is difficult to compare the results found in 

this study to the present work as the dose, duration and species differed. 

The only difference seen in the two studies in which amitriptyline was administered 

in utero was that previously, females exposed to amitriptyline had lower distance 

moved than their control counterparts; this was not seen in the work presented in this 

chapter. Again, the only difference that can be ascribed to the two studies is maternal 

treatment, which as discussed above may have produced a stress response.  

In the Morris water maze, no effects of in utero and/or neonatal exposure to either 

drug were seen; this is similar to the results obtained in Chapter 3. No studies have 

investigated the effects of exposure to either drug via maternal transfer in the 

neonatal period. Prenatal exposure to fluoxetine has been shown to produce 

improvements in the Morris water maze, with a decreased time to find the platform 

shortly after weaning following exposure to doses of 8 or 12mg/kg in utero (Bairy et 

al., 2007), while no effects of prenatal exposure to paroxetine on adult Morris water 

maze parameters have been seen (Christensen et al., 2000). Prenatal exposure to the 

NaSSA drug mirtazapine was investigated in the Morris water maze, with longer 

time to find the platform at PND24 in animals exposed to 7.2mg/kg, but not 
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3.6mg/kg; no effects of either dose were seen at PND61 (Sahoo et al., 2010). Thus, 

any effects of early exposure to antidepressants have manifested in the period just 

after weaning and are not present in adulthood, which would correspond with the 

results obtained from the research in this chapter, as well as those in Chapter 3.  

The forced swim test (Porsolt et al., 1977) is used as a measure of screening 

antidepressant compounds, however the immobile position adopted by the rat (or 

mouse) has also been termed “behavioural despair” as it is believed to represent a 

decrease in motivation to escape. In the present research, no effects of early life 

exposure to either amitriptyline or fluoxetine on immobility time were seen. There 

were sex differences, with lower immobility time in females. This result has been 

seen previously in control animals in our lab (Simpson et al., 2012d). There was a 

difference in male control immobility times of about 60 seconds; this is likely due to 

the large error bars in animals in the fluoxetine study as one animal had an 

immobility time of 77 seconds, compared with the next lowest value of 147 seconds. 

However, as the data were normally distributed even with this value included, it was 

decided not to exclude it from the analysis. There was also a difference in control 

female values that could not be explained in this manner. A possible explanation for 

the differences in these values may be the stage of the oestrus cycle at which the test 

was carried out. This was not measured in any of the experiments carried out, but 

previous studies have shown differences in forced swim test parameters between 

oestrus cycle stages (Consoli et al., 2005; Contreras et al., 1998; Contreras et al., 

2000; Frye et al., 2002), although these differences have not always been observed 

(Allen et al., 2012; Andrade et al., 2007; Bravo et al., 2006; D'Aquila et al., 2010).  

Immobility in adulthood has been increased following neonatal exposure to the 

antidepressants desipramine (Fernandez-Pardal et al., 1989; Hilakivi et al., 1987a) 

and clomipramine (Bhagya et al., 2011; Bonilla-Jaime et al., 2003a; Bonilla-Jaime et 

al., 2003b; Feng et al., 2008; Vazquez-Palacios et al., 2005; Velazquez-Moctezuma 

et al., 1993; Velazquez-Moctezuma et al., 1992; Yang et al., 2008), although the 

response to the latter drug has not always been found (Kuramochi et al., 2009; Yoo 

et al., 2000). Immobility time following early exposure to SSRIs has only been 

investigated in mice, with no effects seen following prenatal exposure to paroxetine 

(Coleman et al., 1999) and a decrease in immobility following neonatal exposure to 

fluoxetine (Karpova et al., 2009). It is unlikely that the lack of effects seen in the 

present study are due to exposure time, as neonatal antidepressant exposure typically 
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occurs from PND8-21, a time period that is encapsulated within the present study. 

Instead, the most likely explanation is that the dose that the animals are exposed to 

must be on par with that seen following direct administration in order for changes in 

immobility to occur and that the levels which the pups are exposed to following 

maternal transfer are not high enough for this to happen. 

 

Table 4.12: Behavioural effects of in utero and/or neonatal amitriptyline exposure. 
V/V= Vehicle in gestation and neonatal period; V/A= vehicle in gestation, 
amitriptyline in neonatal period; A/V= amitriptyline in gestation, vehicle in neonatal 
period; A/A= amitriptyline in gestation and neonatal period; %OAE= percentage 
open arm entries; %OAT= percentage time spent in the open arm 
 

Day Parameter Effect 

PND2 Time to right in the surface righting test ↑ in A/V and A/A 
compared with V/A 

PND3 Time to right in the surface righting test ↑ in A/A compared with 
all other groups 

PND4 Time to right in the surface righting test ↑ in A/A compared with 
A/V 

PND3-5 Time to right in the surface righting test ↑ in females 

PND84 %OAT in the elevated plus maze ↑ in males, in A/V only 

PND84 Distance moved in the open field ↑ in females 

PND112 %OAE in the elevated plus maze ↓ in A/V compared with 
all other groups 

PND112 Distance moved in the open field ↑ in females 

PND60 Immobility time in the forced swim test ↓ in females 
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Table 4.13: Behavioural effects of in utero and/or neonatal fluoxetine exposure. 
V/V= Vehicle in gestation and neonatal period; V/F= vehicle in gestation, fluoxetine 
in neonatal period; F/V= fluoxetine in gestation, vehicle in neonatal period; F/F= 
fluoxetine in gestation and neonatal period; %OAE= percentage open arm 
entries; %OAT= percentage time spent in the open arm 
 

Day Parameter Effect 

PND2 Time to right in the surface righting test ↓ in F/V and F/F 
compared with V/V 

PND3 Time to right in the surface righting test ↓ in V/F compared with 
V/V 

PND4 Time to right in the surface righting test ↓ in V/F compared with 
F/V 

PND4 and 5 Time to right in the surface righting test ↑ in females 

PND14 Time to remain on the bar in the 
forelimb grip test 

↑ in V/F compared with 
V/V, ↓ in F/F compared 
with F/V and V/F  

PND56 %OAT in the elevated plus maze ↓ in F/V and F/F 
compared with V/V and 
V/F, in males only 

PND56 Distance moved in the open field ↑ in females 

PND84 %OAT in the elevated plus maze ↓ in F/V and F/F 
compared with V/V 

PND84 %OAT in the elevated plus maze ↑ in females 

PND84 Distance moved in the open field ↓ in F/F compared with 
F/V and V/F 

PND84 Distance moved in the open field ↑ in females 

PND112 %OAT in the elevated plus maze ↑ in females 

PND112 %OAE in the elevated plus maze ↑ in females 

Acquisition 
day 1 

Swim speed in the Morris water maze ↑ in F/F compared with 
V/F 

 

This chapter has focused on the effects of early life exposure to the antidepressants 

amitriptyline and fluoxetine via maternal transfer either in utero and/or in the 

neonatal period. As the actual dosage received by the pups during these times is 

variable due to unequal litter sizes and access to maternal nutrition, it is difficult to 

determine if there is a direct link between drug dose that the animal actually receives 

and later behavioural effects. Thus, in Chapter 5, the research will concentrate on 

later behavioural effects of direct administration of amitriptyline or fluoxetine to the 

pups in the neonatal period. Clomipramine will also be used as a positive control, as 

administration of this drug in the neonatal period has been shown to disrupt active 

sleep in this period, leading to a higher amount of this parameter in adult animals 

(Mirmiran et al., 1981). These effects on sleep architecture, coupled with 
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behavioural changes such as decreased sexual and aggressive behaviour, have led to 

neonatal clomipramine administration being postulated as an animal model of 

depression (Vogel et al., 1988). Thus, in the next chapter, the behavioural effects of 

neonatal administration of amitriptyline and fluoxetine will be compared with 

clomipramine.
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Chapter 5: Behavioural and neurochemical effects of neonatal administration of 

amitriptyline, fluoxetine or clomipramine 

 

5.1: Introduction 

 

Chapters 3 and 4 focused on exposure to the antidepressants amitriptyline and 

fluoxetine via maternal transfer and it was found that this exposure led to changes in 

body weight, reflex acquisition, locomotor activity and anxiety-like behaviour; these 

changes were often dependent upon time of exposure, the administered drug, sex and 

age of testing. In Chapter 5, the focus will be on direct administration of 

amitriptyline and fluoxetine, as well as clomipramine, in the neonatal period and the 

behavioural and neurochemical effects of this administration. 

The first study to administer the TCA clomipramine to rats in the neonatal period 

was conducted by Mirmiran et al. (1981), who found that administration of 

30mg/kg/day from PND8-21 resulted in a slower rate of body weight increase, 

decreased inner area ambulation in an open field and decreased sexual behaviour, 

with no effects on learning. Moreover, the clomipramine-treated rats had less active 

sleep (similar to REM sleep) than controls during the treatment period and more 

active sleep in adulthood. The authors postulated that the increased 5-HT availability 

during the treatment period may have resulted in a rebound decrease in either 

receptor sensitivity or 5-HT availability, thus resulting in a lower serotonergic 

inhibition and increased active sleep; more recent studies have investigated this 

possibility, and these studies are discussed later in this section.  

The behavioural effects of neonatal clomipramine administration are outlined in 

detail in Chapter 1 and include deficits in sexual behaviour (Bonilla-Jaime et al., 

2003b; Bonilla-Jaime et al., 1998; Cassano et al., 2006; De Boer et al., 1989; Feng et 

al., 2003; Feng et al., 2001; Maciag et al., 2006b; Mirmiran et al., 1983; Velazquez-

Moctezuma et al., 1993), changes in locomotor activity in rats (Hilakivi et al., 1984; 

Maciag et al., 2006b; Mirmiran et al., 1983; Prathiba et al., 1995; Soletti et al., 

2009), mice (Ansorge et al., 2008) and hamsters (Yannielli et al., 1999), increased 

immobility in the forced swim test (Bhagya et al., 2011; Bhagya et al., 2008; 

Bonilla-Jaime et al., 2003a; Bonilla-Jaime et al., 2003b; Feng et al., 2008; Vazquez-

Palacios et al., 2005; Velazquez-Moctezuma et al., 1993; Velazquez-Moctezuma et 

al., 1992; Yang et al., 2008) and changes in anxiety-like behaviour in the elevated 
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plus maze in rats (Andersen et al., 2002; Andersen et al., 2010; Cassano et al., 2006) 

and mice (Ansorge et al., 2008). However, these effects are not seen across all 

strains (Neill et al., 1990), ages (Hartley et al., 1990), sexes (Andersen et al., 2002) 

and doses (Vogel et al., 1996), with some studies finding no effects in these 

behaviours (File et al., 1983a; Kuramochi et al., 2009; Soletti et al., 2009; Vogel et 

al., 1996; Yoo et al., 2000). 

A number of investigators have attempted to determine the role that 5-HT plays in 

the behavioural effects of neonatal clomipramine treatment, with varying results. 

Clomipramine, at the same dose as that used in the study by Mirmiran et al. (1981), 

was found to have no effect on spontaneous electrical activity of 5-HT neurons in the 

dorsal raphe nucleus (Maudhuit et al., 1995), while a higher dose (40mg/kg) was 

shown to reduce the firing rate of dorsal raphe neurons in young adult animals 

(Kinney et al., 1997). No effect of clomipramine on 5-HT neuron axon density in 

any brain region was seen, following an administered dose of 45mg/kg/day 

(Kuramochi et al., 2009). Other experimenters have examined the effect of neonatal 

clomipramine treatment on levels of 5-HT and other neurotransmitters in the adult 

brain, with decreased 5-HT and NA observed in the frontal cortex, hippocampus, 

septum, hypothalamus and brainstem and a reduction in DA in the hippocampus 

following administration of 45mg/kg/day (Vijayakumar et al., 1999); these findings 

were mostly corroborated by Bhagya et al. (2011), who found that all three 

neurotransmitters were decreased in the hippocampus, frontal cortex, hypothalamus, 

striatum and brainstem. In contrast, Mirmiran et al. (1983) found no differences in 

NA levels in the cerebral cortex and medulla oblongata of clomipramine-treated rats. 

In the dorsal raphe nucleus, decreased extracellular 5-HT has also been observed 

(Yang et al., 2008). Andersen et al. (2002) theorised that neonatal clomipramine may 

lead to differences in monoamine laterality in the brain and found that there were 

shifts in laterality for 5-HT and DA in the nucleus accumbens, as well as induction 

of 5-HT laterality in the striatum, amygdala and hippocampus where there was 

minimal or none in control animals.  With regards to other species, neonatal 

clomipramine administration in hamsters resulted in a decrease in 5-HT in the frontal 

cortex and anterior hypothalamus, with no effects in the midbrain raphe or on 5-

HIAA in any region; 5-HT turnover was increased in the anterior hypothalamus and 

midbrain raphe, but not the frontal cortex (Yannielli et al., 1999).  
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The fact that neonatal clomipramine treatment results in some changes in the 

serotonergic system has led researchers to examine the behavioural effects, if any, of 

more selective compounds and to determine the neurochemical changes which may 

underlie such effects.  Again, these behavioural effects have largely been covered in 

Chapter 1 and so will only be outlined briefly here. A number of studies from the 

same group have investigated the effects of exposure in rats to the SSRI citalopram 

and have found dose-dependent decreases in body weight, increased locomotor 

activity, deficits in sexual behaviour, decreased novel object approace and juvenile 

play in male rats only, decreased preference for a conspecific over an object and no 

effects in EPM (Harris et al., 2012; Maciag et al., 2006a; Maciag et al., 2006b; 

Maciag et al., 2006c; Rodriguez-Porcel et al., 2011; Simpson et al., 2011). The 

changes in sexual behaviour and locomotor activity have been accompanied by 

decreased tryptophan hydroxylase (TPH) expression in the dorsal raphe and 

decreased 5-HT transporter expression in the cortex (Maciag et al., 2006b), while the 

deficits in sexual behaviour are attributed in part to stimulation of the 5-HT1 receptor 

during development by Maciag et al. (2006a), as exposure to both a 8-OH-DPAT (a 

5-HT1A agonist) or CGS-12066B (a 5-HT1B agonist) during the same time period 

also resulted in deficits, with the latter producing a more profound effect than the 

former. In the study investigating novel object, juvenile play and object-conspecific 

preference behaviours, reductions in the density of 5-HT transporter (SERT) 

immunoreactive fibres in the hippocampus, medial prefrontal cortex, primary 

somatosensory cortex and auditory cortex, as well as an increased number of 

abnormal axons and decreased tryptophan hydroxylase (the enzyme responsible for 

5-HT synthesis) in both the dorsal and medial raphe nuclei were observed (Simpson 

et al., 2011).  

Although a considerable number of previous studies have investigated the effects of 

neonatal exposure to citalopram, the present chapter will continue the focus of 

Chapters 3 and 4 by using amitriptyline and fluoxetine. Clomipramine will also be 

investigated as a comparator, since this drug has been used in previous experiments 

in the area. Only one study could be found in which amitriptyline was administered 

neonatally, with results confined to the neonatal period, in which body weight was 

seen to be reduced and area of the external plexiform of the olfactory bulb, but no 

other structures within this region were also decreased (Chuah et al., 1986).  
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Following neonatal fluoxetine administration, similar effects to those observed after 

citalopram treatment in the novel object test, juvenile play behaviour and object-

conspecific preference test were seen (Rodriguez-Porcel et al., 2011). Other effects 

of neonatal exposure to fluoxetine include reductions in neonatal body weight in rats 

and mice (Karpova et al., 2009; Lee, 2009; Silva et al., 2010; Zheng et al., 2011) and 

adult body weight in mice (Karpova et al., 2009), decreased open field locomotor 

activity in rats (Lee, 2009; Lee et al., 2012; Zheng et al., 2011) and mice (Ansorge et 

al., 2008; Ansorge et al., 2004); this is only seen from the age of 3 months onwards, 

as well as decreased arm entries in the elevated plus maze in mice (Ansorge et al., 

2008; Ansorge et al., 2004), but not adolescent rats (Lee et al., 2012). In young adult 

rats, administration of fluoxetine led to decreased 5-HT neuron numbers in the dorsal 

raphe nucleus, but not medial raphe nucleus, while neuron area was decreased in 

both nuclei and there were less 5-HT terminals in the dentate gyrus (Silva et al., 

2010). In contrast, no effects of a low dose of fluoxetine (2mg/kg) has been found on 

5-HT uptake sites or levels of this transmitter and the metabolite 5-HIAA in the 

cingulate cortex, neostriatum, hippocampus or midbrain raphe nuclei in rats at 

PND29 (Dewar et al., 1993).  

As effects of neonatal administration of antidepressants have been seen on body 

weight as well as on behaviour in the open field, elevated plus maze, forced swim 

test and Morris water maze, these factors were all included in the work presented in 

this chapter. Post-mortem, the analyses have been chosen based on the results seen 

previously following neonatal antidepressant exposure and includes determination of 

monoamine levels and immunohistochemistry for tryptophan hydroxylase.  

Thus, the aim of this chapter was to assess the effects of neonatal administration of 

amitriptyline, fluoxetine or clomipramine on body weight from the neonatal period 

to adulthood, behaviour in later life, as well as tryptophan hydroxylase cell numbers 

and levels of monoamines in later life. 

 

5.2: Experimental Design 

 

This chapter will outline the results of an experiment into the behavioural and 

neurochemical effects of administration of amitriptyline, fluoxetine or clomipramine 

in the neonatal period.  



                                5: Neonatal exposure to amitriptyline, fluoxetine or clomipramine 

185 
 

Female rats were placed into a cage with a resident male (in a ratio of 3:1) for 72 

hours. Gestational day (GD) 1 was designated as 48 hours after females were 

exposed to males. Following removal from male cages, females were singly housed 

and undisturbed except for cage changing until littering. Drug administration 

(10mg/kg for amitriptyline and fluoxetine, 20mg/kg for clomipramine, all 

subcutaneous in a volume of 5ml/kg) was carried out once daily from PND8 to 21; 

controls received saline as the vehicle (5ml/kg). The day of birth was designated as 

postnatal day (PND) 1. At PND4, litter sizes were normalised to 12 pups/litter, with 

a 6:6 male:female ratio retained where possible. Pups were assigned to one of the 

four drug groups and each pup received a paw tattoo (India ink via interplantar 

injection) for group identification. 

The test battery carried out in both experiments is similar to that seen in Chapter 4, 

with some minor changes. Maternal body weight was not measured and pup body 

weight was measured daily from PND8-21 and weekly thereafter. No neonatal tests 

were carried out as they would fall either before (surface righting) or during 

(forelimb grip) drug administration. The elevated plus maze and open field tests 

were carried out at PND56 and 84 only; also, as there were less animals, only one 

week of Morris water maze testing was needed; this was measured from PND78-82. 

Immediately following elevated plus maze (EPM) and open field (OF) testing at 

PND84, animals were sacrificed either by decapitation or transcardial perfusion. 

Following decapitation, brains were dissected and frozen on dry ice before storage at 

-80oC. In the frozen brains, levels of monoamines (5-HT, NA and DA) and 

metabolites (5-HIAA, DOPAC and HVA; the last of which was only detectable in 

striatal samples) by high-performance liquid chromatography (HPLC) coupled with 

electrochemical detection were measured on samples from the frontal cortex and 

striatum, outlined in Section 2.2.10. In the perfused brains, sections from the level of 

the dorsal raphe nucleus were prepared as described in Section 2.2.11 and 

immunohistochemistry for tryptophan hydroxylase was carried out. 
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5.3: Results 

 

5.3.1: Body weight 

 

As the weight gain curves for male and female rats differ substantially, the two sexes 

will be analysed separately, in order not to mask any drug effects that may exist.  

 

Body weight data were not all normal but there was homogeneity of variance and 

equal numbers in each group, with the exception of PND84, which was 

approximately normal and homogenous but did not have equal numbers in each 

group. Thus, a One-Way ANOVA was carried out at each time point, with drug 

exposure as the independent variable.  

 

In neonatal males, there were drug effects from PND10-21 (F3,60= 3.32, p< 0.05 for 

PND10; F3,60= 5.05, p< 0.01 for PND11; F3,60= 6.64, p≤ 0.001 for PND12; F3,60= 9, 

p< 0.001 for PND13; F3,60= 7.04, p< 0.001 for PND14; F3,60= 12.62, p< 0.001 for 

PND15; F3,60= 13.15, p< 0.001 for PND16; F3,60= 12.98, p< 0.001 for PND17; F3,60= 

12.52, p< 0.001 for PND18; F3,60= 16.99, p< 0.001 for PND19; F3,60= 16.53, p< 

0.001 for PND20 and F3,60= 15.17, p< 0.001 for PND21). Clomipramine-treated 

animals were lighter than controls from PND10-21, while amitriptyline and 

fluoxetine-treated animals were lighter than controls from PND12-21. There were no 

drug effects at PND8, 9 or 28 (F3,60= 2.13, p= 0.105 for PND8; F3,60= 0.83, p= 0.482 

for PND9 and F3,60= 0.51, p= 0.679 for PND28). 

In females, there were drug effects from PND11-21 (F3,60= 2.76, p≤ 0.05 for PND11; 

F3,60= 3.43, p< 0.05 for PND12; F3,60= 4.05, p< 0.05 for PND13; F3,60= 4.96, p< 0.01 

for PND14; F3,60= 5.2, p< 0.01 for PND15; F3,60= 6.36, p≤ 0.001 for PND16; F3,60= 

8.12, p< 0.001 for PND17; F3,60= 8.48, p< 0.001 for PND18; F3,60= 8.48, p< 0.001 

for PND19; F3,60= 7.92, p< 0.001 for PND20 and F3,60= 6.56, p≤ 0.001 for PND21). 

No drugs differed from control in Post-Hoc tests at PND11. Amitriptyline and 

clomipramine-treated animals were lighter than controls from PND12-21, fluoxetine-

treated animals were lighter than controls from PND14-21. There were no drug 

effects at PND8, 9, 10 or 28 (F3,60= 0.73, p= 0.54 for PND8; F3,60= 0.7, p= 0.556 for 

PND9; F3,60= 1.38, p= 0.262 for PND10 and F3,60= 2.41, p= 0.076 for PND28). The 
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body weight curves are depicted in Figure 5.1 and descriptive statistics are 

summarised in Table A37 in the appendices. 
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Figure 5.1: Effects of neonatal exposure to amitriptyline, fluoxetine or 
clomipramine on body weight (g) in the neonatal period in (A) male and (B) female 
rats (n=16/group). * all groups differed from control male at least p< 0.05, + all 
groups differed from control female at least p< 0.05. Data are mean ± standard 
deviation 
 

In adolescent males, there were no drug effects at any age (F3,60= 0.38, p= 0.771 for 

PND35; F3,60= 0.63, p= 0.597 for PND42 and F3,60= 0.31, p= 0.82 for PND49 and 

F3,60= 1.09, p= 0.359 for PND56). Similarly, in females, there were no drug effects 

at any age (F3,60= 1.97, p= 0.129 for PND35; F3,60= 1.67, p= 0.183 for PND42 and 

F3,60= 0.5, p= 0.682 for PND49 and F3,60= 0.37, p= 0.773 for PND56). The body 

weight curves are depicted in Figure 5.2 and descriptive statistics are summarised in 

Table A38 in the appendices. 

 

In adult males, there were no drug effects at any age (F3,60= 2.18, p= 0.099 for 

PND63; F3,60= 1.67, p= 0.182 for PND70 and F3,60= 0.87, p= 0.463 for PND77 and 

F3,53= 1.05, p= 0.377 for PND84). Similarly, in females, there were no drug effects 

at any age (F3,60= 0.36, p= 0.784 for PND63; F3,60= 0.37, p= 0.778 for PND70 and 

F3,60= 0.33, p= 0.801 for PND77 and F3,52= 0.21, p= 0.886 for PND84). The body 

weight curves are depicted in Figure 5.2 and descriptive statistics are summarised in 

Table A38 in the appendices. 
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Figure 5.2: Effects of neonatal exposure to amitriptyline, fluoxetine or 
clomipramine on body weight (g) in adolescence and adulthood in (A) male and (B) 
female rats (n=13-16/group). Data are mean ± standard deviation 

 

5.3.2: Elevated Plus Maze (PND56 and 84) 

 

The parameters measured in the elevated plus maze (EPM) were percentage time 

spent in the open arms (%OAT) and percentage entries into the open arms (%OAE). 

The data were all normal and although homogeneity of variance was not 

demonstrated for all parameters, there were equal numbers in each group, so Two-

Way ANOVAs were carried out at each age.  

At PND56, there were no sex or interaction effects on %OAT (F1,56= 1.77, p= 0.188 

for sex; F3,56= 0.64, p= 0.596 for interaction) or %OAE (F1,56= 0.47, p= 0.498 for 

sex; F3,56= 0.34, p= 0.8 for interaction). There was also no effect of drug exposure 

on %OAE (F3,56= 1.56, p= 0.21), however there was an effect on %OAT (F3,56= 5.98, 

p≤ 0.001). A Post-Hoc Student-Newman-Keuls test revealed that clomipramine-

treated animals spent more time in the open arms than all other groups.  

At PND84, there were no effects of neonatal drug administration, sex or an 

interaction between the two on %OAT (F3,56= 2.23, p= 0.095 for drug; F1,56= 1.14, 

p= 0.29 for sex; F3,56= 2, p= 0.125 for interaction) or %OAE (F3,56= 0.78, p= 0.511 

for drug; F1,56= 0.16, p= 0.692 for sex; F3,56= 0.29, p= 0.836 for interaction). The 

results for %OAT and %OAE are depicted in Figure 5.3 and descriptive statistics for 

both are summarised in Table A39 in the appendices. 

 

  

A B 



                                5: Neonatal exposure to amitriptyline, fluoxetine or clomipramine 

189 
 

Male Female Male Female
0

20

40

60

80
Control

Amitriptyline

Fluoxetine

Clomipramine

PND56 PND84

%
 e

n
tr

ie
s
 i

n
to

 t
h

e
 o

p
e
n

 a
rm

Male Female Male Female
0

10

20

30

40

50

60

70

%
 T

im
e
 s

p
e
n

t 
in

 o
p

e
n

 a
rm

s

 
Figure 5.3: Effects of neonatal exposure to amitriptyline, fluoxetine or 
clomipramine on (A) percentage entries into the open arms and (B) time spent in the 
open arms of the elevated plus maze at PND56 or 84 in male and female rats (n=8 
for all groups). There was an overall drug effect at PND56, as CMI-treated rats had 
higher %OAT. Data are expressed as mean + standard deviation. 

 

5.3.3: Open Field (PND56 and 84) 

 

The parameter measured in the open field (OF) was distance moved (cm). The data 

all displayed homogeneity of variance and although not all groups were normal, 

there were equal numbers in each group, with the exception of amitriptyline-treated 

males at PND84; this group were approximately normally distributed. Thus, Two-

Way ANOVAs were carried out at each age.  

At PND56, there was no effect of drug treatment, sex or an interaction between the 

two (F3,56= 2.03, p= 0.12 for drug; F1,56= 3.36, p= 0.072 for sex; F3,56= 0.21, p= 

0.893 for interaction). Similarly at PND84, there was no effect of drug treatment, sex 

or an interaction between the two on distance moved (F3,55= 2.49, p= 0.07 for drug; 

F1,55= 0.38, p= 0.54 for sex; F3,55= 0.14, p= 0.938 for interaction). The results are 

B 

A 
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depicted in Figure 5.4 and descriptive statistics are summarised in Table A40 in the 

appendices. 
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Figure 5.4: Effects of neonatal exposure to amitriptyline, fluoxetine or clomipramine 
on distance moved (cm) in the open field at PND56 or 84 in male (n=7-8/group) and 
female rats (n=8/group).  Data are expressed as mean + standard deviation.  
 

5.3.4: Morris Water Maze (PND78-82) 

 

Due to an equipment malfunction, path length (cm) and swim speed (cm/s) could not 

be determined in this study. Thus, time taken to find the platform (s) from 

acquisition days 1-4 and percentage time in the southwest quadrant in the probe trial 

were measured. All data were approximately normal and displayed homogeneity of 

variance, so a Repeated Measures ANOVA was carried out for time taken to find the 

platform and a Two-Way ANOVA was carried out for the probe trial.   

There was an effect of acquisition day (F3,120= 52.8, p< 0.001), this parameter 

decreased over time, with the exception of day 3. There was no interaction between 

day and any independent variable (F9,120= 1.47, p= 0.169 for day*drug, F3,120= 0.18, 

p= 0.911 for day*sex and F9,120= 0.98, p= 0.458 for day*drug*sex). There was no 

overall effect of drug exposure (F3,40= 0.17, p= 0.918), sex (F1,40= 0.13, p= 0.721) or 

an interaction (F3,40= 0.38, p= 0.766).  

In the probe trial, there was no effect of drug exposure (F3,33= 1.78, p= 0.167), sex 

(F1,33= 0.5, p= 0.827) or an interaction between these two variables (F3,33= 1.67, p= 

0.193) on percentage time spent in the southwest quadrant. Morris Water Maze 

results are depicted in Figure 5.5 and descriptive statistics are summarised in Table 

A41 in the appendices. 
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Figure 5.5: Effects of neonatal exposure to amitriptyline, fluoxetine or 
clomipramine on time taken to find the platform (s) over acquisition days 1-4 in the 
Morris water maze in (A) male and (B) female rats (n=6 for all groups) and (C) 
Percentage time spent in the southwest quadrant of the maze in the probe trial (n=4-
6). Data are expressed as mean + standard deviation 
 

5.3.5: Forced swim test (PND60) 

 
The parameter measured in the forced swim test was immobility time (in seconds). 

Data were normal, however they did not display homogeneity of variance and there 

were not equal numbers in each group, so Kruskal-Wallis ANOVAs by ranks and a 

Mann-Whitney U test were carried out. There was no effect of drug exposure (K= 

1.17, p= 0.76) or an interaction effect (K= 11.46, p= 0.12) on immobility time. 

However, there was an effect of sex (U= 268, p< 0.01), with lower immobility time 

in females compared with males. Descriptive statistics are summarised in Table 5.1.  

 
 
  

A 
B 
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Table 5.1: Effects of neonatal exposure to amitriptyline, fluoxetine or clomipramine 
on immobility time (s) in the forced swim test (n=6-8/group). There was an overall 
sex effect. Data are median and interquartile range 
 
    Immobility time (s) 

Male 
 

Control 210 (164-277) 

Amitriptyline 187 (177-222) 

 Fluoxetine 191 (174-220) 

 Clomipramine 170 (154-195) 

   

Female 
 

Control 136 (92-169) 

Amitriptyline 110 (85-223) 

 Fluoxetine 184 (138-193) 

 Clomipramine 160 (70-244) 

 
 

5.3.6: Determination of monoamine (and metabolite) levels  

 

For determination of monoamine levels (and their metabolites), the data are 

presented as percentage of average control values. HPLC analysis was carried out in 

the frontal cortex and striatum at PND84; each monoamine is presented separately. 

Turnover is presented as the ratio of monoamine to metabolite. 

 

Data for NA were approximately normal displayed homogeneity of variance, thus 

Two-Way ANOVAs were carried out. There were no effects of drug exposure 

(F3,55= 0.13, p= 0.945), sex (F1,55= 2.41, p= 0.127) or any interaction between drug 

exposure and sex (F3,55= 0.68, p= 0.569) on NA levels in the frontal cortex. Similarly, 

there were no effects of drug exposure (F3,55= 0.8, p= 0.499), sex (F1,55= 2.07, p= 

0.156) or any interaction between drug exposure and sex (F3,55= 0.63, p= 0.601) on 

striatal NA levels. Descriptive statistics are summarised in Table 5.2. 

 
Levels of DA were approximately normal and displayed homogeneity of variance, 

thus Two-Way ANOVAs were carried out. In the frontal cortex, there were no 

effects of drug exposure (F3,50= 0.35, p= 0.79), sex (F1,50= 0.07, p= 0.79) or an 

interaction between the two (F3,50= 1.77, p= 0.166) on DA levels. There were also no 

effects of drug exposure (F3,56= 0.31, p= 0.817), sex (F1,56= 0, p= 0.992) or any 

interaction between the two (F3,56= 0.61, p= 0.615) on DA levels in the striatum. 

Descriptive statistics are summarised in Table 5.3. 
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5-HT data were approximately normal and although frontal cortex data did not 

display homogeneity of variance, there were equal numbers in each group, thus Two-

Way ANOVAs were carried out. There were no effects of drug exposure (F3,55= 1.95, 

p= 0.132), sex (F1,55= 3.7, p= 0.06) or any interaction effects (F3,55= 1.6, p= 0.199) 

on 5-HT levels in the frontal cortex. In the striatum, there were no effects of drug 

exposure (F3,56= 1.35, p= 0.267), or any interaction between drug exposure and sex 

(F3,56= 1.74, p= 0.169) on 5-HT levels; there was a sex effect (F1,56= 5.68, p< 0.05), 

as males had higher levels of 5-HT in the striatum than females. Descriptive statistics 

are summarised in Table 5.4. 

 

Data for DOPAC in the frontal cortex were not normally distributed and did not 

display homogeneity of variance, thus a Two-Way ANOVA was carried out for the 

striatum, while Kruskal-Wallis ANOVAs by rank and Mann-Whitney U tests were 

carried out for the frontal cortex. In the frontal cortex, there were no effects of drug 

exposure (K= 0.86, p= 0.836), while there was an effect of sex (U= 232, p≤ 0.001) 

and an interaction effect (K= 0.86, p< 0.05), as clomipramine-treated females had 

lower levels of DOPAC than clomipramine-treated males. In the striatum, there were 

no effects of drug exposure (F3,56= 0.15, p= 0.932), sex (F1,56= 0.2, p= 0.66) or any 

interaction between the two (F3,56= 1.1, p= 0.358) on DOPAC levels. Descriptive 

statistics are summarised in Table 5.5. 

 

5-HIAA data were approximately normal and although frontal cortex data did not 

display homogeneity of variance, there were equal numbers in each group, thus Two-

Way ANOVAs were carried out. There were no effects of drug exposure (F3,56= 0.83, 

p= 0.482), sex (F1,56= 0.12, p= 0.729) or any interaction between drug exposure or 

sex (F3,56= 0.64, p= 0.592) on 5-HIAA levels in the frontal cortex. There were also 

no effects of drug exposure (F3,56= 1.06, p= 0.375), sex (F1,56= 2.53, p= 0.117) or 

any interaction between the two (F3,56= 0.53, p= 0.663) on striatal 5-HIAA levels. 

Descriptive statistics are summarised in Table 5.6. 

 

HVA was only measured in the striatum. Data were normal and although there was 

not homogeneity of variance, there were equal numbers in each group, so a Two-
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Way ANOVA was carried out. There were no effects of drug exposure (F3,56= 0.39, 

p= 0. 67), sex (F1,56= 0.01, p= 0.946) or any interaction effect (F3,56= 0.3, p= 0.827) 

on HVA levels in the striatum. Descriptive statistics are summarised in Table 5.7. 

 

5-HT turnover in the frontal cortex and striatum was analysed parametrically. There 

was no effect of drug exposure (F3,51= 2.56, p= 0.065) or an interaction between sex 

and drug exposure (F3,51= 1.13, p= 0.345) on cortical 5-HT turnover; there was a sex 

effect (F1,51= 4.07, p< 0.05), as females had higher turnover than males. There was 

no effect of drug exposure (F3,56= 1.29, p= 0.288) or an interaction between the drug 

exposure and sex (F3,56= 1, p= 0.4) on 5-HT turnover in the striatum; there was a sex 

effect (F1,56= 6.57, p< 0.05, as females also had higher turnover than males. 

Descriptive statistics are summarised in Table 5.8. 

 

Dopamine turnover in the frontal cortex was analysed parametrically. There was no 

effect of drug exposure (F3,51= 0.67, p= 0.573), sex (F1,51= 0.49, p= 0.487) or an 

interaction between the two (F3,51= 1.27, p= 0.293) on dopamine turnover in the 

frontal cortex. Similarly, there was no effect of drug exposure (F3,56= 0.05, p= 0.984), 

sex (F1,56= 2.99, p= 0.09) or an interaction between the two (F3,56= 1, p= 0.399) on 

dopamine turnover in the striatum. Descriptive statistics are summarised in Table 5.9. 

 
Table 5.2: Effects of neonatal exposure to amitriptyline, fluoxetine or clomipramine 
on levels of NA (ng/g tissue) in the frontal cortex and striatum at PND84 (n=7-
8/group). Top row of control values are actual neurotransmitter levels, all other rows 
are percentage of control. Data are mean ± standard deviation 

 
  Frontal Cortex Striatum 

Male 
 

Control 272±40 
100±15 

399±170 
100±43 

Amitriptyline 111±19 124±28 

 

 

Fluoxetine 104±23 110±61 

Clomipramine 101±25 95±38 

    

Female Control 257±35 
100±13 

478±129 
100±27 

 Amitriptyline 94±15 88±43 

 Fluoxetine 92±19 104±32 

 Clomipramine 100±26 81±23 
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Table 5.3: Effects of neonatal exposure to amitriptyline, fluoxetine or clomipramine 
on levels of DA (ng/g tissue) in the frontal cortex and striatum at PND84 (n=6-
8/group). Top row of control values are actual neurotransmitter levels, all other rows 
are percentage of control. Data are mean ± standard deviation  

 
  Frontal Cortex Striatum 

Male 
 

Control 105±87 
100±83 

7631±1552 
100±20 

Amitriptyline 79±58 103±23 

 

 

Fluoxetine 178±98 94±25 

Clomipramine 214±91 91±19 

    

Female Control 216±182 
100±84 

7735±812 
100±11 

 Amitriptyline 104±95 93±16 

 Fluoxetine 136±102 99±15 

 Clomipramine 42±25 96±20 

 
Table 5.4: Effects of neonatal exposure to amitriptyline, fluoxetine or clomipramine 
on levels of 5-HT (ng/g tissue) in the frontal cortex and striatum at PND84 
(n=8/group). Top row of control values are actual neurotransmitter levels, all other 
rows are percentage of control. There was an overall sex effect in the striatum. Data 
are mean ± standard deviation  

 
  Frontal Cortex Striatum 

Male  
 

Control 906±193 
100±21 

992±124 
100±13 

Amitriptyline 104±20 120±11 

 

 

Fluoxetine 91±11 111±33 

Clomipramine 101±13 97±18 

    

Female Control 837±70 
100±8 

1205±87 
100±7 

 Amitriptyline 110±7 93±21 

 Fluoxetine 106±13 99±17 

 Clomipramine 129±46 92±14 
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Table 5.5: Effects of neonatal exposure to amitriptyline, fluoxetine or clomipramine 
on levels of DOPAC (ng/g tissue) in the frontal cortex and striatum at PND84 (n=6-
8/group). Top row of control values are actual neurotransmitter levels, all other rows 
are percentage of control. Data are median and interquartile range for the frontal 
cortex, mean ± standard deviation for the striatum 

 
  Frontal Cortex Striatum 

Male  
 

Control 75 (60-123) 
75 (63-129) 

3317±772 
100±23 

Amitriptyline 87 (80-204) 93±26 

 

 

Fluoxetine 84 (55-183) 104±29 

Clomipramine 117 (86-226) 83±27 

    

Female Control 274 (111-312) 
109 (44-124) 

4033±910 
100±23 

 Amitriptyline 48 (25-131) 103±58 

 Fluoxetine 48 (35-81) 86±19 

 Clomipramine 37 (27-52) 104±24 

 
Table 5.6: Effects of neonatal exposure to amitriptyline, fluoxetine or clomipramine 
on levels of 5-HIAA (ng/g tissue) in the frontal cortex and striatum at PND84 (n=8-
group). Top row of control values are actual neurotransmitter levels, all other rows 
are percentage of control. Data are mean ± standard deviation  

 
  Frontal Cortex Striatum 

Male  
 

Control 402±86 
100±21 

577±102 
100±18 

Amitriptyline 111±28 110±25 

 

 

Fluoxetine 124±27 121±26 

Clomipramine 113±16 113±20 

    

Female Control 481±65 
100±14 

796±111 
100±14 

 Amitriptyline 146±137 101±19 

 Fluoxetine 112±27 103±10 

 Clomipramine 107±26 107±28 
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Table 5.7: Effects of neonatal exposure to amitriptyline, fluoxetine or clomipramine 
on levels of HVA (ng/g tissue) in the striatum at PND84 (n=8/group). Top row of 
control values are actual neurotransmitter levels, all other rows are percentage of 
control. Data are mean ± standard deviation 

 
  Striatum 

Male 
 

Control 943±213 
100±23 

Amitriptyline 93±20 

 

 

Fluoxetine 102±23 

Clomipramine 92±26 

   

Female Control 1161±332 
100±29 

 Amitriptyline 89±43 

 Fluoxetine 97±15 

 Clomipramine 103±23 

 

Table 5.8: Effects of neonatal exposure to amitriptyline, fluoxetine or clomipramine 
on 5-HT turnover (ratio of 5-HT to 5-HIAA) in the frontal cortex and striatum at 
PND84 (n=8/group). Females had higher turnover than males in both regions. Data 
are mean ± standard deviation 

 
  Frontal Cortex Striatum 

Male  
 

Control 0.46±0.13 0.58±0.08 

Amitriptyline 0.48±0.12 0.54±0.12 

 

 

Fluoxetine 0.61±0.14 0.66±0.16 

Clomipramine 0.5±0.1 0.69±0.16 

    

Female Control 0.58±0.11 0.66±0.09 

 Amitriptyline 0.55±0.08 0.76±0.3 

 Fluoxetine 0.62±0.14 0.7±0.13 

 Clomipramine 0.51±0.14 0.77±0.18 
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Table 5.9: Effects of neonatal exposure to amitriptyline, fluoxetine or clomipramine 
on dopamine turnover (ratio of dopamine to DOPAC) in the frontal cortex and 
striatum at PND84 (n=8/group). Data are mean ± standard deviation 

 
  Frontal Cortex Striatum 

Male  
 

Control 1.22±0.56 0.46±0.19 

Amitriptyline 1.29±0.56 0.41±0.15 

 

 

Fluoxetine 1.35±0.5 0.51±0.2 

Clomipramine 1.32±0.47 0.41±0.17 

    

Female Control 1.45±0.71 0.52±0.09 

 Amitriptyline 1.19±0.54 0.62±0.5 

 Fluoxetine 0.8±0.57 0.47±0.15 

 Clomipramine 1.32±0.4 0.57±0.11 

 

5.3.7: Tryptophan hydroxylase immunohistochemistry 

 

TPH immunohistochemistry was carried out in the dorsal raphe nucleus (see Figure 

5.6). As there was only n=3 in the female fluoxetine-treated group, the data were 

analysed non-parametrically. There were no effects of drug exposure (K= 0.93, p= 

0.818), sex (U= 278, p= 0.391) or an interaction effect (K= 2.02, p= 0.959). 

Descriptive statistics are summarised in Table 5.10.  

 

Table 5.10: Effects of neonatal exposure to amitriptyline, fluoxetine or 
clomipramine on TPH-immunoreactive cell number in the dorsal raphe nucleus 
(n=3-7/group). Data are median and interquartile range. ND= not determined 
 
  Cell Count per Field Examined  

Male  
 

Control 709 (521-1153) 

AMI 754 (604-945) 

 

 

FLX 651 (536-972) 

CMI  720 (598-971) 

   

Female Control 701 (589-948) 

 AMI  833 (723-1005) 

 FLX 723 (656-ND) 

 CMI 863 (592-991) 
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Figure 5.6: TPH immunohistochemistry in the dorsal raphe nucleus of rats exposed 
neonatally to amitriptyline, fluoxetine or clomipramine  
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5.4: Discussion 

 

The aim of the research covered in this chapter was to assess the effects of neonatal 

administration of amitriptyline, fluoxetine or clomipramine on body weight from the 

neonatal period to adulthood, behaviour and post-mortem parameters in adulthood. 

Each parameter will be considered separately. 

All drugs decreased body weight during the dosing period only. As mentioned in 

Chapters 3 and 4, caution has been exercised when interpreting body weight changes 

in the neonatal period, due to litter size and access to maternal nutrition. However, in 

the present research, litter size was controlled by culling each litter to 12 pups. This 

was done to ensure that each pup was dosed and that there were representatives of 

each drug in each litter. Thus, with one of the extraneous variables controlled for, as 

well as the fact that the changes were present each day from at least PND14, it is 

prudent to interpret body weight reductions as actual drug effects. The finding that 

amitriptyline decreases body weight in the neonatal period is in agreement with the 

single study that could be found which investigated neonatal administration of this 

drug (Chuah et al., 1986), although in this previous study, the drug was administered 

from PND1-12 and observations only continued until this latter age, unlike the 

present research in which body weight was measured up until PND84. The effects of 

fluoxetine on body weight up to, but not after PND21, are similar to those seen 

previously in rats (Lee, 2009; Mendes-da-Silva et al., 2002; Silva et al., 2010; 

Toscano et al., 2008), although in the study by Toscano et al. (2008) it is worth 

noting that half of the experimental group were undernourished. The effects of 

neonatal fluoxetine on body weight have been hypothesised to be due to the 

inhibitory effects of 5-HT on feeding behaviour, a topic which is reviewed by 

Simansky (1996). 

Effects of clomipramine were similar to amitriptyline and fluoxetine in that body 

weight was decreased during the dosing period, but not later in life. Previously, this 

drug has been shown to reduce adult body weight (Andersen et al., 2002; De Boer et 

al., 1989; Kuramochi et al., 2009; Mirmiran et al., 1981; Soletti et al., 2009; 

Vijayakumar et al., 1999), although at doses higher than the one employed in the 

present study. File et al. (1983a) showed that a dose of 30mg/kg was necessary to 

produce body weight changes in adulthood, but that these endured throughout testing 

in singly housed, but not group housed, rats. The dose used in the present study 
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(20mg/kg) was chosen in order to allow for once daily dosing, as most previous 

studies which used larger doses split the regime into twice daily dosing.  Single 

doses were used in the present study in order to minimise the disturbance of the pups 

and to replicate the dosing regime used in Chapters 3 and 4.   

In the present study, neither amitriptyline nor fluoxetine had any effects on anxiety-

like behaviour in the elevated plus maze, while clomipramine had anxiolytic effects 

at PND56 only. Elevated plus maze behaviour has not been investigated following 

neonatal amitriptyline administration but the lack of effects seen in the work in the 

present chapter, coupled with those in Chapter 4, would indicate that neonatal 

exposure to this drug, either directly or via maternal transfer, does not influence 

anxiety-like behaviour later in life. Previous reported effects of clomipramine have 

been contradictory, with decreased percentage open arm time observed at PND70 

(Andersen et al., 2002), increased time spent in the open arms at PND90 (Cassano et 

al., 2006) and effects seen only on closed arm parameters in rats (Andersen et al., 

2010), decreases in total arm entries in mice (Ansorge et al., 2008) and an abolition 

of circadian variation in hamsters (Yannielli et al., 1999). The present work does not 

corroborate any of the research carried out previously; however the lack of general 

consensus as to effects at different ages lead to the conclusion that perhaps a study 

into the development of the behavioural response to clomipramine is warranted.  No 

effects of fluoxetine on open arm parameters have been reported previously; what 

has been observed include a decrease in closed arm entries and total entries 

following footshock in adulthood (Ribas et al., 2008), no effects at PND31 (Lee et 

al., 2012) and in mice, decreased total arm entries (Ansorge et al., 2008; Ansorge et 

al., 2004). Thus, as with amitriptyline, evidence in the present research, as well as 

the work presented in Chapter 4, would indicate that there is no effect of neonatal 

exposure/administration of fluoxetine on anxiety-like behaviour in the elevated plus 

maze. Behavioural effects of neonatal exposure to these antidepressants are 

summarised in Table 5.11. 

In the open field, no drug effects were seen at either age. Once again, this parameter 

has not been investigated following neonatal amitriptyline administration, thus the 

conclusions formed are based on those seen in this work and the work in Chapter 4, 

namely that neonatal exposure to this drug does not have any effects on locomotor 

activity in adulthood. However, it would be interesting to carry out a dose-response 

study in this area in order to determine if there is a dose that would induce these 
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effects. Open field behaviour in adult rats following neonatal exposure to fluoxetine 

has not been previously investigated. This parameter has been examined in adult 

mice, with reductions in locomotor activity seen consistently (Ansorge et al., 2008; 

Ansorge et al., 2004; Zheng et al., 2011), as well as increased immobility in the 

central portion of the arena (Karpova et al., 2009). In rats, open field behaviour has 

been studied in young animals (approximately PND30), with reductions in 

locomotor activity observed (Lee, 2009; Lee et al., 2012). Two possibilities exist as 

to why no effects were seen following neonatal fluoxetine administration in this 

study, when they have been reported previously. The first is that the effects are 

transient and thus may no longer be present by PND56, the first day of testing in the 

present research; the second is that the period of dosing may be critical in inducing 

these effects. In the studies by Lee (2009) and Lee et al. (2012), dosing commenced 

upon littering and had finished by PND6 in the former experiment and PND4 in the 

latter, while in the present study, dosing did not begin until PND8.  

In contrast to fluoxetine, neonatal exposure to clomipramine has generally been 

shown to increase locomotor activity (Maciag et al., 2006b; Prathiba et al., 1995; 

Prathiba et al., 2000; Soletti et al., 2009), although this increase has been shown to 

be age-dependent (Hartley et al., 1990), with reductions (File et al., 1983b) and no 

effects (Kuramochi et al., 2009) seen before 2 months of age, while adult effects 

have not been seen in all studies (File et al., 1983a). The fact that no effects were 

seen in the present work may be due to the dose of the drug administered, as 

previous results indicate that the increase in locomotor activity is replicated for the 

most part across laboratories. However, both File et al. (1983a) and Hartley et al. 

(1990) found that there were no effects of neonatal administration of clomipramine 

at a dose of 30mg/kg at 3 months of age, which would correspond to PND84 in the 

present study, the upper age at which the open field was carried out, while PND56 is 

just one week older than PND49, the age at which Kuramochi et al. (2009) report 

that administration of 45mg/kg of clomipramine has no effects on locomotor activity 

in the open field. 

No effects of neonatal administration of any of the antidepressant drugs used in this 

study were found to affect spatial learning and memory in the Morris water maze. 

This result is similar to that seen in Chapters 3 and 4, but contradicts the finding by 

Cassano et al. (2006) that clomipramine-treated rats spent longer in the water before 

finding the platform.  However, in this previous work, a dose of 30mg/kg was 
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administered from PND2-14, as opposed to 20mg/kg delivered from PND8-21 in the 

present research. Thus, as there may be dose-dependent, or age of administration 

effects of neonatal clomipramine administration on spatial learning and memory in 

the Morris water maze, it is likely that the effects of both amitriptyline and 

fluoxetine may also be influenced by the dose and the ages at which it was 

administered. The manipulation of these variables is certainly warranted in order to 

determine if spatial learning and memory can be affected.  

 

Table 5.11: Behavioural effects of neonatal administration of amitriptyline, 
fluoxetine or clomipramine 
 

Day Parameter Effect 

PND56 %OAT in the elevated plus maze ↑ in clomipramine 
compared with all other 
groups 

PND60 Immobility time in the forced swim test ↓ in females 

 
In the present research, no effects of neonatal amitriptyline, fluoxetine or 

clomipramine were found on immobility time in the forced swim test. Previously, 

clomipramine has been shown to increase immobility time after the age of 3 months 

(Bhagya et al., 2011; Bonilla-Jaime et al., 2003a; Bonilla-Jaime et al., 2003b; Feng 

et al., 2008; Vazquez-Palacios et al., 2005; Velazquez-Moctezuma et al., 1993; 

Velazquez-Moctezuma et al., 1992; Yang et al., 2008), however this has not always 

been seen during this time period (Yoo et al., 2000) or at a younger age (Kuramochi 

et al., 2009). On the other hand, fluoxetine-treated mice have been observed to have 

decreased immobility (Karpova et al., 2009). In the present study, female 

clomipramine-treated animals displayed a tendency to correspond with these 

previous findings; however large error bars mean that these results were not 

statistically significant, while fluoxetine-treated females seemed to display a trend 

towards an increase in immobility time, rather than a decrease; again this was not 

statistically significant. Caution must be exercised when interpreting increased 

immobility in the forced swim test as depressive-like behaviours, as debate has 

arisen over whether this test measures such behaviour or is just a screening system 

for antidepressant effects; this has been discussed in a review by Cryan et al. (2005).  

Adult monoamine concentrations were unaltered by neonatal administration of 

amitriptyline, fluoxetine or clomipramine in this study. Few sex effects were seen; 
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clomipramine-treated females had lower levels of DOPAC than clomipramine-

treated males, while serotonin turnover was higher in females than in males. The 

lack of drug effects is contrary to the decreases in monoamine levels found 

previously following neonatal clomipramine administration in rats (Bhagya et al., 

2011; Vijayakumar et al., 1999) and hamsters (Yannielli et al., 1999), but mirrors 

the lack of effect on cortical NA levels seen in a study by Mirmiran et al. (1983). It 

is also possible that changes in monoamine laterality may have occurred, as was seen 

by Andersen et al. (2002), but as more than one post-mortem parameter was 

investigated in the frozen rat brains, this factor was not considered in the present 

work. No effects have been seen in young rats following neonatal fluoxetine 

administration (Dewar et al., 1993), however the dose used in this study was 2mg/kg. 

Fluoxetine has been shown to result in changes to serotonergic parameters such as 

neuron number and area (Silva et al., 2010), while neonatal administration of another 

SSRI, citalopram, led to reductions in tryptophan hydroxylase levels and SERT 

immunoreactive fibres (Simpson et al., 2011); the latter was seen to be dose-

dependent (Weaver et al., 2010). Thus, it is possible that fluoxetine does affect the 

serotonergic system, in a subtle manner that does not result in reductions in 

neurotransmitter levels.  

No differences were seen in the number of TPH-immunoreactive cells in the dorsal 

raphe nucleus following neonatal administration of amitriptyline, fluoxetine or 

clomipramine. Previously, neonatal clomipramine was shown to reduce TPH-

immunoreactive cells (Maciag et al., 2006b) at PND22, while the SSRI citalopram 

led to a reduction at this young age and also in adulthood, an effect also seen by 

Simpson et al. (2011). The amount, area and perimeters of 5-HT neurons in the 

dorsal raphe nucleus has been shown to be decreased by neonatal exposure to 

fluoxetine, at the same dose used in the present study (Silva et al., 2010), while 

neonatal clomipramine administration has also led to decreased firing rate of neurons 

in this brain region (Kinney et al., 1997). The differences between the present work 

and these previous studies must be examined in order to determine why no effects on 

TPH cell number were found following neonatal antidepressant administration. 

Firstly, the dose of clomipramine used in the studies by Kinney et al. (1997) and 

Maciag et al. (2006b) is higher than the dose used presently and, while effects on 

neuronal firing were seen in young adulthood in the former study, the TPH effects in 

the latter were only seen following clomipramine administration at PND22, with 
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only citalopram administration producing effects at both PND22 and 130. Thus, it is 

possible that effects on TPH cell numbers are transient and that if these effects were 

to be seen following a lower dose of clomipramine, this parameter would have to be 

investigated in the juvenile period and not adulthood. With regards to the effects 

seen on neuronal parameters following fluoxetine administration, the parameter 

measured was 5-HT rather than TPH and the authors acknowledge that the decrease 

in serotonergic neurons may be due to apoptosis, which was not measured in their, or 

the present, study.  

In conclusion, the present study has shown that there are no effects of neonatal 

amitriptyline, fluoxetine or clomipramine on adolescent and adult body weight, 

locomotor activity, immobility time in the forced swim test, spatial learning and 

memory, monoamine levels or TPH cell density. All drugs decreased body weight 

during the dosing period and an anxiolytic effect of clomipramine only was seen, but 

this effect was transient.  These results indicate that, at the doses employed, neonatal 

administration of these drugs affect body weight while they are being administered, 

but that these effects do not endure. Also, behaviour was largely unaffected, as were 

neurochemical parameters which may outwardly influence behaviour.  
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Chapter 6: Discussion 

 

6.1: Discussion 

 

As outlined in Chapter 1, there exists a treatment dilemma regarding the use of 

antidepressants in pregnancy and during lactation, due to the findings that both the 

disorder and the treatment have resulted in negative outcomes. The drugs used in the 

present work, amitriptyline and fluoxetine, have been designated as category C drugs 

by the FDA and the ADEC.  The FDA classification advises that for drugs in this 

category, risk of teratogenic effects cannot be ruled out, while the ADEC 

classification cautions that category C drugs may cause harmful effects to the foetus, 

but not malformations and that these risks may be reversible.  Both of these drugs are 

capable of crossing the placenta (Heikkinen et al., 2001; Heikkinen et al., 2002; 

Heikkinen et al., 2003; Hendrick et al., 2003b; Kim et al., 2006) and are present in 

breast milk (Heikkinen et al., 2003; Kim et al., 2006; Kristensen et al., 1999; 

Yoshida et al., 1997) in humans, thus there is the potential that foetal/neonatal 

exposure may result in neurochemical changes that, in turn, influence behaviour. As 

prospective, controlled clinical studies into the effects of these drugs later in life are 

impossible, animal models can be used to determine possible aetiological 

associations, however the use of animal models is not without challenges, such as the 

difficulty in extrapolating back to the clinical situation.  

The work presented in this thesis aimed to determine the effects of early life 

exposure to the antidepressants amitriptyline and fluoxetine, through maternal 

transfer or direct administration, on developmental, behavioural and neurochemical 

parameters later in life. The effects of neonatal clomipramine administration, used as 

a positive control, were also investigated in the final study. The main findings from 

this work are divided by the type of result and presented below: 

 

Effects of maternal administration 

• Amitriptyline and fluoxetine, at the doses employed, did not result in 

maternal toxicity, as measured by gestational body weight 

• When exposed in utero, both drugs resulted in decreased birth weight, 

although fluoxetine effects were not seen in both studies 
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• There were sporadic changes in body weight in the neonatal period following 

exposure to amitriptyline or fluoxetine via maternal transfer; these effects 

were not replicated across both studies 

• Prenatal fluoxetine exposure, with no postnatal dosing resulted in sporadic 

increases in body weight post-weaning, however this was not seen in animals 

exposed to fluoxetine prenatally who were exposed to vehicle postnatally 

• Exposure to fluoxetine in both the prenatal and neonatal period together 

sporadically decreased adult body weight in females, but not males 

• Fluoxetine via maternal transfer resulted in changes in forelimb grip ability 

that were dependent upon exposure duration, with prenatal exposure effects 

not replicated across studies 

• Females exposed to amitriptyline in utero exhibited anxiogenic effects at 

PND56 and anxiolytic effects at PND112, while animals exposed to 

amitriptyline in utero but vehicle postnatally displayed more anxiety-like 

behaviour at PND112 

• Fluoxetine exposure via maternal transfer resulted in anxiogenic effects at 

PND56 and 84; this result was only seen when mothers were gavaged 

postnatally, regardless of whether they were drug-treated or not 

• Prenatal amitriptyline exposure was associated with decreased locomotor 

activity in females; this only occurred when mothers were not treated 

postnatally with either drug or vehicle 

• Prenatal amitriptyline and fluoxetine resulted in some transient changes in 

monoamine levels in the frontal cortex and striatum 

 

Effects of direct administration 

• Direct administration of amitriptyline, fluoxetine and clomipramine reduced 

body weight during the dosing period but not later in life 

• Neonatal clomipramine administration led to anxiolytic effects in the 

elevated plus maze at PND56, but not 84 

 

Sex effects 

• Females exhibited a delay in surface righting towards the end of the testing 

period 
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• There were sporadic effects of sex in the open field, with females displaying 

higher locomotor activity 

• There was an effect of sex in the forced swim test, with lower  immobility in 

females; this was not seen in the study where drug administration was 

directly to the pups 

 

Chapter 3 focused on the exposure of the animals in utero to amitriptyline and 

fluoxetine. An important factor to consider in choosing a dose for maternal 

administration during gestation is maternal toxicity. If a drug decreases body weight 

during this period, the pups may be reabsorbed or may be underweight when born, 

which in itself may have an effect on neurodevelopment; effects on both birth weight 

and neurodevelopment have been seen in a study involving malnourishment during 

pregnancy (Ribeiro-da-Silva et al., 1994). In the work presented in Chapter 3, no 

decreases in gestational weight gain were seen following maternal administration of 

either drug, an effect that is in agreement with other studies of fluoxetine (Byrd et al., 

1994; Cabrera et al., 1994; Cagiano et al., 2008; da-Silva et al., 1999; Johns et al., 

2004; Vorhees et al., 1994) and amitriptyline (Cox et al., 2011), in which similar 

doses are used. This lack of effect of both drugs on gestational weight gain was 

replicated in Chapter 4, thus it can be concluded that the doses of the drugs used in 

the present study (10mg/kg for amitriptyline; 5mg/kg for fluoxetine) did not result in 

an observable toxic effect.   

Offspring birth weight was affected following in utero exposure to amitriptyline and 

fluoxetine, the latter effect was just seen in Chapter 4. As discussed in Chapter 3, 

birth weight decreases following amitriptyline exposure may be due to effects of the 

active metabolite nortriptyline, as a dose of 4mg/kg administered subcutaneously in a 

study by Bigl et al. (1982) did not have any effect on body weight, while exposure to 

10mg/kg administered maternally via the oral route in the present study led to a 

decrease in this parameter; however no studies could be found which compared the 

metabolite patterns for these two dosing regimes. Effects of fluoxetine in previous 

studies have been somewhat dose-dependent, although there is no definite consensus 

as to the point at which the dose of fluoxetine  will lead to a decrease in birth weight 

(Cabrera et al., 1994; Cagiano et al., 2008; da-Silva et al., 1999; Forcelli et al., 2008; 

Fornaro et al., 2007; Johns et al., 2004; Vorhees et al., 1994). In the present research, 
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a dose of 5mg/kg delivered by oral gavage was sufficient to decrease birth weight, 

although these decreases were not reproducible across studies.  

Body weight in the neonatal period was not affected in a consistent, reproducible 

manner across studies, with increases, decreases and no effects seen during this 

period, depending on which drug was administered, the sex and the age of the 

animals weighed. The lack of reproducibility between the different studies outlined 

in this thesis may have been due to the fact that, in Chapter 4, pups that were 

exposed in utero only to the drugs were still being cared for by mothers who were 

undergoing a stressful procedure, oral gavage administration, once a day. It has 

previously been shown in mice that chronic ultra-mild stress during gestation leads 

to deficits in some maternal behaviours (Pardon et al., 2000), while in two strains of 

rats designated as animal models of depression (Flinder’s sensitive line and Wistar 

Kyoto), maternal behaviour is affected following the mild stressor of limited 

availability of bedding, with less pup-directed behaviour in the Flinder’s sensitive 

line rats and more pup-directed behaviour in the Wistar Kyoto rats (Braw et al., 

2009).  

Caution must be exercised when interpreting the effects of in utero exposure to 

antidepressants on body weight in the neonatal period. Litter sizes vary in rats, with a 

minimum of 3 and a maximum of 19 seen in the present research, although only 

those with n ≥ 10 were used in order to minimise the possible differences, as in the 

few litters with smaller pup numbers, the animals were noticeably larger. As well as 

having an effect on birth weight, access to maternal nutrition will be more 

competitive in the larger litters and may thus have an effect on body weight. This 

may be viewed as a limitation of the present work, as litter sizes in studies where 

antidepressant exposure was indirect were not normalised. However, the decision not 

to normalise litter sizes was made in order to ensure that the group sizes for 

behavioural tests later in life were large enough to allow for parametric statistical 

analysis whenever possible. Thus, for gestational body weight and birth weight, litter 

size was included as a covariate in analysis. However, this approach was not taken 

for body weight past PND1, as litter size does not reliably predict access to maternal 

nutrition, another factor which may affect body weight in the neonatal period. 

Neonatal administration of amitriptyline and fluoxetine, as well as clomipramine, led 

to a decrease in body weight during the dosing period but there were no differences 

when drug administration ceased. Litter size was kept constant (12 pups per litter), 
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administration was directly to the pups, body weight did not differ before drug 

administration and decreases were seen from at least PND10 until PND21, thus these 

effects can be attributed to drug administration. The decrease in body weight during 

the dosing period but not in adulthood following fluoxetine administration 

correspond to those seen by Mendes-da-Silva et al. (2002), Toscano et al. (2008), 

Lee (2009) and Silva et al. (2010); these studies all administered 10mg/kg, which is 

the same dose as that used in the present work, although the durations of exposure 

differed. This previous evidence, along with the effects seen in the work presented in 

Chapter 5 allow for the conclusion that neonatal fluoxetine administration leads to 

decreased body weight while the administration is ongoing. Body weight is also 

decreased in adult rats following chronic fluoxetine administration (Alper, 1992; Luo 

et al., 1991), as well as in the obese Zucker line (Churruca et al., 2008; Gutierrez et 

al., 2002); this has been attributed to the known anorectic effect of 5-HT as it 

decreases food intake. In the present study, it was not possible to measure this 

parameter as the pups obtain their nutrition via maternal nursing.  

Effects of amitriptyline in the present study were similar to those of fluoxetine and 

mirror the decrease in neonatal body weight seen in Chuah et al. (1986). Following 

adult administration via both oral and parenteral routes, chronic amitriptyline 

administration does not seem to affect body weight (Esser et al., 2001; Nobrega et 

al., 1987; Xu et al., 2003), although decreases were seen following administration of 

a dose of 20mg/kg (Peeters et al., 1994). Although amitriptyline is more selective for 

the SERT than the other monoamine transporters (Tatsumi et al., 1997), it is not as 

selective as fluoxetine, thus the effects seen in young, but not old rats may be due to 

an increased sensitivity to serotonergic effects in the former. This study also 

demonstrated that clomipramine was more selective for the SERT than the other 

monoamine transporters and while previous work has shown that clomipramine at a 

dose of 30mg/kg led to decreased body weight in both the neonatal period and 

adulthood (Andersen et al., 2002; Cassano et al., 2006; De Boer et al., 1989; File et 

al., 1983a; Kuramochi et al., 2009; Maciag et al., 2006b; Mirmiran et al., 1981; 

Soletti et al., 2009; Vijayakumar et al., 1999), a dose of 20mg/kg, the same as that 

used in the work presented in Chapter 5, led to a decrease in body weight in the 

neonatal period (de Souza et al., 2004); body weight was not measured past PND21 

in this last study. Thus it is likely that, while a higher dose is required in order to 
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lead to enduring decreases in body weight, a dose of 20mg/kg is sufficient to inhibit 

5-HT reuptake in a manner that will decrease body weight in the neonatal period. 

The delay in surface righting in rats exposed to amitriptyline prenatally found in 

Chapter 3 was not replicated in Chapter 4, probably due to the low control values 

seen in the earlier chapter. Thus, the finding that there were only sporadic 

differences in acquisition of this reflex following amitriptyline exposure is more 

likely to be the case. Exposure to fluoxetine early in life also led to changes in reflex 

acquisition; however these did not always take the form of deficits, as animals 

exposed to this drug in utero had a faster time to right than controls on PND2. A 

reproducible effect across all studies in this test was the fact that, at later testing ages 

(from PND4 onwards) females took longer to right than males. In mice, no sex 

differences in righting reflex acquisition have been seen (Meek et al., 2000), 

however the parameter measured in this study was the first day in which the mouse 

was able to right within 10 seconds, not the time taken to right on each day. In rats, 

Farkas et al. (2009) reported a trend towards earlier reflex development in males, but 

this was not statistically significant. In mice, dopamine concentrations in the lumbar 

region of the spinal cord are higher in males than females (Pappas et al., 2008); the 

authors mention that this region of the spinal cord is responsible for sensorimotor 

innervation of the lower limbs, thus possibly playing a role in the sex differences in 

surface righting acquisition. 

The effects of early life exposure to fluoxetine seen in the forelimb grip test varied 

between experiments. On the first day of testing (PND14), a number of pups were 

unable to stay on the bar past about 2-3 seconds, while by the next day of testing 

(PND17); pups were strong enough to climb up onto the bar in some cases. Thus it 

may be useful to carry out this test at the intermediate days in order to determine if 

there is any difference in the onset of this reflex. Amitriptyline exposure did not lead 

to any changes in this test in the studies carried out in either Chapters 3 or 4, thus it 

is likely that this drug does not have any effect on forelimb grip. 

In both Chapters 3 and 4, there were no effects of early life exposure via maternal 

transfer to either amitriptyline or fluoxetine in the elevated plus maze at PND28, nor 

were there any effects of amitriptyline on percentage time spent in the open arms at 

any age or any effect of fluoxetine on percentage entries into the open arms at any 

age. Thus, amitriptyline effects were confined to open arm entries and fluoxetine 

effects were confined to open arm time. The possible reasons for the differences in 
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the results obtained in each study are outlined in the Discussion to Chapter 4; this 

discussion will focus on why each drug affected a different facet of anxiety-like 

behaviour in this test.  This can occur as an animal may spend a large portion of time 

in the open arms without increasing their number of open arm entries, by venturing 

out onto an open arm and staying there; by the same token, an animal may enter the 

open arms a number of times, but not remain on them for very long. It could be 

postulated that an animal with higher open arm entries but not higher open arm time 

is engaging in more exploratory behaviour by investigating the open arms, but is not 

be less anxious, as they do not then remain in the aversive area. If this were the case, 

then the results found in the studies in Chapters 3 and 4 indicate that amitriptyline 

has effects on exploratory behaviour, while the effects of fluoxetine are on anxiety-

like behaviour. Interestingly, neither of these drugs had any effects when exposure 

occurred during the neonatal period, whether directly or indirectly, thus it would 

appear that whatever neurochemical changes are occurring following drug exposure, 

these must be implemented before birth in order to result in changes later in life. 

Further support for the theory that fluoxetine does not affect exploratory behaviour 

comes in the form of the lack of effects of early life exposure to this drug, either via 

maternal transfer or direct administration, on locomotor activity, another measure of 

exploratory behaviour, in the open field. Amitriptyline had effects at PND84 

following in utero exposure only, with an attenuation in females of the increased 

locomotor activity seen in controls; this effect was not repeated in the study outlined 

in Chapter 4. There were no effects of this drug when administration occurred 

postnatally; nor were there any effects of neonatal administration of clomipramine 

on locomotor activity. This latter finding is contradictory to the increases in 

locomotor activity seen previously (Maciag et al., 2006b; Prathiba et al., 1995; 

Prathiba et al., 2000; Soletti et al., 2009), but may be due to the lower dose of 

clomipramine used in the work presented in Chapter 5.  

An important consideration for any set of experiments is the degree to which control 

values remain stable over time. An example that may be used in the present research 

is the open field, in which there is commonality between all studies as an open field 

was carried out at PND56 and 84. Table 6.1 outlines the control values for distance 

moved (cm) in the open field for the five studies which make up this thesis. There is 

some variation in these values, which may contribute to the findings of drug effects 

in some experiments, but not in others. However, as the longitudinal nature of these 
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studies meant that the entirety research spanned a period of over two years, it is 

impossible to carry out all of these investigations simultaneously, which would be 

the only way to eliminate this variation. Thus, the importance of including a control 

group for each study is underlined, as it is likely that any extraneous variables which 

lead to variations in control values may also affect the drug-exposed groups. 

Randomisation of groups within testing is also of extreme importance in order to 

minimise the effect of confounding factors such as equipment malfunction or 

circadian rhythms on one experimental group, but not others. 

 

Table 6.1: Control values for distance moved (cm) across all studies carried out in 
the present research. Data are mean ± standard deviation 
 
   Study 1 

Prenatal 

amitriptyline 

Study 2 

Prenatal 

fluoxetine 

Study 3 

Prenatal/ 

postnatal 

amitriptyline 

Study 4 

Prenatal/ 

postnatal 

fluoxetine 

Study 5 

Postnatal 

amitriptyline/ 

fluoxetine/ 

clomipramine 

PND56 Male 2452± 795 3434±916 2546±461 2865±471 2230±456 

 Female 3219±567 3294±763 2411±476 3023±463 2621±407 

       

PND84 Male 1820±300 2789±468 2176±362 2362±461 1682±424 

 Female 2592±465 3243±525 2555±526 2639±356 1969±541 

 

Previously, early life exposure to antidepressants via maternal administration has 

resulted in improvements in the Morris water maze in young rats exposed to 

fluoxetine (Bairy et al., 2007), deficits in young, but not adult rats exposed to 

mirtazapine (Sahoo et al., 2010) and no effects of paroxetine in adult mice 

(Christensen et al., 2000); direct neonatal clomipramine administration produced 

deficits in this test in adult rats (Cassano et al., 2006). No effects of early life 

exposure to amitriptyline or fluoxetine were found in adult rats in the Morris water 

maze; however it is possible that effects are age-dependent, thus the ontogeny of 

such effects warrants investigation, as no studies could be found in which these 

drugs were investigated in adulthood following early life administration of 

amitriptyline or fluoxetine.   

No effects of early life exposure to any of the drugs used in the present research were 

found on immobility time in the forced swim test. In general, at doses of 30mg/kg 

and over, neonatal clomipramine leads to an increase in immobility time in adult rats 

(Bhagya et al., 2011; Bonilla-Jaime et al., 2003a; Bonilla-Jaime et al., 2003b; Feng 
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et al., 2008; Vazquez-Palacios et al., 2005; Velazquez-Moctezuma et al., 1993; 

Velazquez-Moctezuma et al., 1992; Yang et al., 2008), while neonatal fluoxetine 

decreases it in adult mice (Karpova et al., 2009). As the results of the forced swim 

test experiments carried out in Chapters 4 and 5 included some groups with large 

error bars which may have masked any drug effects and no other experiments of this 

nature have been carried out on amitriptyline and fluoxetine, it would be prudent to 

carry out these studies with a larger sample size in order to obtain tighter data, which 

may allow any drug effects on immobility time to be determined. As mentioned 

previously however, debate exists as to whether immobility can be interpreted as 

depressive-like behaviour or behavioural despair, thus the inclusion of other tests 

that have been proposed to be indicative of depressive-like behaviours, such as the 

sucrose/saccharin test of anhedonia, progressive ratio reinforcement tests of 

motivation or tests of learned helplessness are recommended. 

As most antidepressants increase synaptic availability of the monoamines, the effects 

of early life exposure to these compounds on monoamine levels has been 

investigated. In the present studies, no effects of neonatal antidepressant 

administration on adult monoamine levels in the frontal cortex or striatum were seen. 

Neonatal clomipramine has been shown to decrease monoamine levels in some 

(Bhagya et al., 2011; Vijayakumar et al., 1999; Yannielli et al., 1999), but not all 

studies (Mirmiran et al., 1983); doses used in these studies were higher than that 

used in the work summarised in Chapter 5. Neonatal fluoxetine has not been seen to 

result in changes to monoamine levels at a dose lower than that used presently 

(Dewar et al., 1993), while no studies could be found which measured monoamine 

levels following neonatal amitriptyline administration. Thus, it may be concluded 

that neonatal administration of dose of at least 30mg/kg of clomipramine is 

necessary to induce decreases in monoamine levels later in life, while neonatal 

amitriptyline and fluoxetine at a dose of 10mg/kg do not result in any changes. 

Future studies in this area may focus on higher doses of these drugs in order to 

determine if there is a dose that, while not resulting in maternal or offspring 

mortality or toxicity, would lead to decreased monoamine levels and if these 

decreases are also associated with behavioural changes.  

Prenatal exposure to amitriptyline and fluoxetine had some effects on monoamine 

levels later in life, although these changes did not endure over all of the testing days 

(PND28, 56, 84 and 112). The only alterations that were apparent at more than one 



                                6: Discussion 

216 
 

age were levels of the metabolite HVA, which was increased in the striatum of 

fluoxetine-exposed animals at PND84 and 112. HVA is a catecholaminergic 

metabolite and increased levels without changes in noradrenaline and dopamine may 

indicate that turnover of these neurotransmitters is increased, but synthesis is 

unaffected. The striatum is important in movement, however, the changes observed 

in HVA levels at PND84 and 112 were not associated with any behavioural effects 

of prenatal exposure to fluoxetine in this study.  

There were no effects of neonatal administration of amitriptyline, fluoxetine or 

clomipramine on the number of TPH-immunoreactive neurons in adulthood. These 

results are discussed in the context of work carried out previously in the area in the 

Discussion to Chapter 5. TPH-immunoreactivity was not measured following 

exposure to amitriptyline or fluoxetine via maternal transfer, thus the effects of both 

drugs on these parameters, in both the mothers and pups, would be an interesting line 

of future research.  

The work presented in this thesis was carried out with the aim of determining the 

developmental, behavioural and neurochemical effects of early life exposure, both 

direct and indirect, to the antidepressants amitriptyline and fluoxetine. This work has 

contributed to our understanding of the area by providing an in-depth behavioural 

profile and the first step towards a full neurochemical profile following early life 

exposure to amitriptyline, as well as building upon the work previously carried out in 

the area of early life exposure to fluoxetine.  

As very few effects were seen following neonatal administration of amitriptyline, 

fluoxetine and clomipramine, it can be concluded that higher doses of clomipramine 

are required in order to induce the adult effects seen previously, while it is possible 

that behavioural and neurochemical effects may also result in exposure to higher 

doses of amitriptyline and fluoxetine than those used in the present work. Although 

caution must be exercised when attempting to extrapolate preclinical studies to the 

clinical scenario, the findings in this thesis, as well as work carried out previously, 

may offer guidance as to analogous facets of human development and behaviour that 

may be affected following early exposure to antidepressants, such as reflex 

development and anxiety behaviours. Also, it may be tentatively deduced that at 

pharmacologically relevant doses, there appear to be no consequences in aspects 

such as learning and memory. 
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6.2: Recommendations for future work 

 

Although the present work included a number of developmental and behavioural 

tests, further expansion of the behavioural profile is warranted, in order to include 

behaviours such as measures of operant conditioning, as well as investigating the 

ontogeny of the behaviours that could only be carried out at one age in the presented 

work, such as the Morris water maze and forced swim test. The work presented in 

Chapter 4 is, to the best of our knowledge, the first to use a cross-over maternal drug 

administration design in order to model the effects of exposure to antidepressants in 

utero only, via lactation only and by both types of exposure. Further work is required 

on this design in order to determine the neurochemical changes, if any, that result 

from exposure to antidepressant drugs across different periods of early development. 

Finally, it is possible that the drugs utilised in the present work may result in altered 

response to later drug challenges; previous work in this area is outlined in Chapter 1, 

however further investigation into responsivity to drug challenges later in life is also 

necessary.
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Appendices 

 
Table A1: Dosing durations during gestation of studies included in this chapter (GD= gestational day) 
 
Species Dosing period Reference 

Rat 14-21 days before mating to GD19  Coyle, 1975 

Rat 14-21 days before mating until littering Coyle and Singer, 1975a 

Mouse Two weeks before and throughout gestation Coleman et al., 1999; Christensen et al., 2000 

Mouse From 2 weeks before mating until GD16 Rayburn 2000 

Rat Before mating to weaning Rodriguex Echandia and Broitman, 1983 

Rat Through whole gestation period Bigl et al., 1982 

Guinea pig Infusion of total dose/day from GD1 to last GD Vartazarmian et al., 2005 

Mouse GD0-PND21 Lisboa et al., 2007; Gouvêa et al., 2008 

Hamster Continually over 24 hours during gestation Boscarino and Parfitt, 2002 

Rat GD1-21 or GD15-21 Fuiji and Ohtaki, 1985 

Rat GD2-littering Henderson and McMillen, 1990; Henderson and McMillen, 1993 

Rat GD6-20 Bairy et al., 2007; Sahoo et al., 2010 

Rat GD6-littering De Ceballos et al., 1985a; De Ceballos et al., 1985b; Romero et al., 1994 

Rat GD7-20 Vorhees et al., 1994 

Mouse GD8-18 Noorlander et al., 2008 

Rat GD8-20 Jason et al., 1981; Cuomo et al., 1984; Ali et al., 1986 

Rat GD8-21 File and Tucker, 1984 

Rat GD10-littering Drago et al., 1985 

Rat GD11-19 Simpson et al., 2011 

Rat GD12-21 Capello et al., 2011 

Rat GD13-20 Cabrera and Battaglia, 1994; Cagiano et al., 2008 

Rat From GD14 for 14 days Forcelli and Heinrichs, 2008 

Rat GD15-20 Da Silva et al., 1999 
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Table A2: Dosing durations during the neonatal period of studies included in this chapter (PND= postnatal day) 
 
Species Dosing period Reference 

Rat PND0-4 Lee and Lee 2011 

Rat PND0-6 Lee, 2009 

Rat PND1-5 Drago et al., 1985 

Rat Every 3 days from PND1-19 de Castro et al., 2001 

Rat PND1-21 de Souza et al., 2004; Deiro et al., 2004; Deiró et al., 2008; Ribeiro Ribas et al., 2008 

Rat Twice a day from PND2-14 De Boer et al., 1989; Cassano et al., 2006 

Mouse PND4-21 Ansorge et al., 2004; Ansorge et al., 2008; Karpova et al., 2009; Zheng et al., 2011 

Rat Twice a day from PND5-21 Prathiba et al., 1995; Prathiba et al., 1998; Prathiba, 2000 

Rat PND6-19 Hilakivi et al., 1987 

Rat PND7-18 Hilakivi and Hilakivi, 1987; Hilakivi et al., 1987 

Rat PND7-20 Hilakivi and Sinclair, 1986 

Rat PND7-21 Hilakivi et al., 1988 

Rat PND8-21 Mirmiran et al., 1983; File and Tucker, 1983a; File and Tucker, 1983b; Hilakivi et al., 1984; 
Velazquez-Moctezuma et al., 1993; Vogel et al., 1996; Yoo et al., 2000; Yang et al., 2008; 
Soletti et al., 2009; Bhagya et al., 2011;  

Hamster PND8-21 Klemfuss and Gillin 1998; Yannielli et al., 1999 

Rat Twice a day from PND8-21 Mirmiran et al., 1981; Velazquez-Moctezuma and Diaz Ruiz, 1992; Vogel et al., 1988; 
Hartley et al., 1990; Neill et al., 1990; Vogel et al., 1990a; Vogel et al., 1990b; Vogel et al., 
1990c; Mandhuit et al., 1995; Bonilla-Jaime et al., 1998; Dwyer and Rosenwasser, 1998; 
Vijayakumar and Meti, 1999; Mavanji and Datta, 2002; Andersen et al., 2002; Bonilla-Jaime 
et al., 2003a; Bonilla-Jaime et al., 2003b; Feng et al., 2003; Vazquez-Palacios et al., 2005; 
Maciag et al., 2006a; Maciag et al., 2006b; Maciag et al., 2006c; Bhagya et al., 2008; Feng et 
al., 2008; Kuramochi and Nakamura 2009; Harris et al., 2011; Rodrigues-Porcel et al., 2011; 
Simpson et al., 2011 

Rat PND8-22 Fernandez-Pardal and Hilakivi, 1989 

Rat Twice a day from PND9-16 Andersen et al., 2010 

Rat Twice a day from PND12-17 Feng et al., 2001 
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Table A3: Behavioural effects following prenatal exposure to antidepressants (PND= postnatal day; IMI= imipramine; CON= control; AMI= 
amitriptyline; s.c.= subcutaneous; i.p.= intraperitoneal; LA= locomotor activity; CMI= clomipramine; MIA= mianserin; VXZ= viloxazine; IPD= 
iprindole; NOM= nomifensine; IPZ= iproniazid; ICZ= isocarboxazid; DOX= doxepin; PXT= paroxetine; FLX= fluoxetine; CGL= clorgyline; 
DPL= deprenyl; TIA= tianeptine; VFX= venlafaxine; PPI= prepulse inhibition; FVX= fluvoxamine; MTZ= mirtazepine; CIT= citalopram; NA= 
noradrenaline; DA= dopamine) 

 

Strain/ 

species 

Drug Dose ROA Dosing period Control Tests Test Age Results Reference 

Rat (no 
strain 
given) 

IMI 200mg/l Drinking 
water with 
ascorbic acid 

Through pregnancy 
and weaning  

Ascorbic 
acid 
solution 

% Depletion of 
noradrenaline 

9 months No effect of IMI Tonge (1973) 

Wistar rat  IMI 5mg/kg Oral gavage 14-21 days before 
mating to GD19  

Saline Spontaneous 
alternation  

From 
PND60 

No effect of IMI  Coyle (1975) 

Swimming ability in 
straight alley 

No effect of IMI  

Swimming maze  No effect of IMI on training errors 

Body weight  Every 
second 
day until 
weaning 

Overall, IMI rats weighed more 

Spontaneous 
alternation  

PND21   No effect of IMI  

Physical maturation  Until 
achieved 

No effects of IMI on pinna unfolding or 
eye opening, but incisor eruption was 
delayed 

Reflex development  No effect of IMI on righting, auditory 
startle, visual placing  or free fall 
righting, but delays in development of 
cliff avoidance and negative geotaxis 

Open field PND9, 13, 
17, 21 

Upward responses were decreased in IMI 
rats over time, no effect on number of 
areas entered 
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Wistar rat, 
reared in 
enriched or 
deprived 
conditions 

IMI 5mg/kg   Oral gavage 14-21 days prior to 
mating until littering 

Saline Swimming ability in 
straight alley 

PND60-
61+ 

No effect of IMI on on swimming 
performance over last 3 trials, but 
enriched IMI performed more poorly than 
enriched CON over all 10 trials, no 
differences in deprived 

Coyle et al. 
(1975a) 

Swimming maze Enriched IMI made more errors than 
enriched CON, no effect in deprived 

 

Henderson maze Enriched IMI took longer to reach the 
goal box than enriched CON, no effect in 
deprived 

 

Wistar rat, 
reared in 
enriched or 
deprived 
conditions 

IMI 5mg/kg   Orally 14-21 days prior to 
mating until littering 

Saline Home cage 
behaviour (enriched 
conditions only) 

PND25-
27, PND 
80-83 

IMI animals were less responsive to the 
environment, by displaying less 
interaction and sniffing behaviour and 
more lying down 

Coyle et al. 
(1975b) 

Cortical thickness, 
brain weight and 
neuronal diameter  

PND84-
85 

No drug main effect on cortical thickness, 
but decrease  in IMI enriched compared 
with CON enriched. No effects on brain 
weight or neuronal diameter 

Rat (no 
strain 
given) 

IMI 15mg/kg Oral 
intubation 

GD8-20 Water Maternal body 
weight 

GD20 IMI-treated gained less body weight Jason et al. 
(1981) 

Pup body weight PND1,7, 
14, 21,30 

IMI-exposed pups were smaller on PND1 
and 7, but not later 

Pup brain weight PND7, 14, 
30 

IMI-exposed pups had lower brain 
weights on PND7 and 14, but not PND30 

Eye opening PND12-
16 

Appeared earlier for IMI pups and had 
higher percentage on PND13 and 14 

Surface righting PND3-
criterion 

Mean criterion age delayed in IMI pups 

Cliff avoidance  PND6-
criterion 

No effects of IMI 

Negative geotaxis PND6-
criterion 

No effects of IMI on reaching criterion, 
but longer mean time to complete the task 

Hypothalamic 
catecholamine 
levels 

PND7, 14, 
30 

No effect of IMI on NA or adrenaline 
levels at any age or on DA at PND7 or 
14. DA lowered at PND30 

B-receptor binding 
in telencephalon 

PND7, 14, 
30 

IMI decreased number of binding sites at 
PND14 and 3 and increased binding 
affinity at PND30 
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Albino rat 
(no strain 
given) 

AMI 4mg/kg s.c. Throughout gestation Saline Pup body weight PND1-21 No effect Bigl et al. 
(1982) Locomotor activity PND8, 15, 

21 
AMI rats had significantly less LA on 
PND8 and 21, but not PND15 

Neurotransmitter 
determination 

PND1,8,1
5,21 or 
adult 

AMI rats had reduced 5-HT on PND1, 
increased 5-HIAA on PND8 and reduced 
5-HT in adulthood 

Lister 
hooded rat 

CMI 3, 10 or 
30mg/kg 

i.p. GD8-21 Water Body weight PND36 
and 87 

No effect of CMI at PND36, but 3mg/kg 
heavier at PND87 

File et al. 
(1983b) 

Holeboard PND31-
33, 80-82 

No effect of CMI on time spent head-
dipping in adolescence, but CMI had 
greater decrease over test days when 
3mg/kg and 10mg/kg grouped together. 
No effects in adulthood 

 

Open field PND34-
36, 77-79 

Line crosses lower in CMI in 
adolescence, as well as more rapid 
decrease over days, lower line crosses in 
inner zone and less rearing. No effects in 
adulthood 

 

Social interaction PND37-
38 

CMI had increased social interaction in 
unfamiliar, but not familiar animal 
condition, while CMI increased 
interaction in unfamiliar arena and 
decreased in familiar arena 

 

Home cage 
aggression 

PND39-
42, 99-
108 

No effect of CMI in adolescence or 
adulthood 

 

Sprague 
dawley rat 

DMI, 
VXZ or 
MIA 

1.25mg/kg 
for DMI, 
10mg/kg 
for VXZ 
and 
5mg/kg 
for MIA 

s.c. GD8-20 Saline Body weight Every 3 
days from 
PND1-21 

VXZ and MIA rats had higher body 
weight from PND3-18, no effect of DMI 

Cuomo et al. 
(1984) 

Physical maturation Until 
appears 

No effect of any drug 

Locomotor activity PND23, 
60 

At PND23, DMI and MIA increased 
locomotor activity in males and females, 
VXZ increased locomotor activity in 
males. At PND60, male and female DMI 
rats had higher locomotor activity, no 
effects of VXZ or MIA 
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Lister rat CMI 7.5 or 
15mg/kg 

i.p. GD8-21 Water Social interaction PND31-
33 

Trend towards increased interaction in 
unfamiliar environment for both CMI 
doses in males and just low CMI dose in 
females. No effects in familiar 
environment or on motor activity 

File et al. 
(1984) 

Holeboard PND36-
40 

High dose CMI males spent less time 
dipping in holes with objects, no effects 
of low dose CMI. No effects in females 

Acoustic startle PND42-
47 

No effect of either dose of CMI on 
overall startle response by day, but on day 
3, both CMI doses had smaller responses. 
In females, overall startle was lower in 
low CMI and higher in high CMI rats 

Wistar rat NOM, 
CMI, 
IPD or 
MIA 

10mg/kg 
for all 

s.c. GD6-littering Distilled 
water 

Locomotor activity PND25 Reduced following exposure to CMI, IPD 
and MIA and increased following NOM 

De Ceballos et 

al. (1985a) 

Apomorphine-
induced locomotor 
activity 

Increased following exposure to CMI, 
IPD and NOM, but not MIA  

[3H] Spiroperidol 
binding 

No effect of any drug on Bmax or Kd, 
although all drugs lowered the Ki for 
inhibition of [3H] Spiroperidol binding 
by dopamine 

Wistar rat NOM, 
CMI, 
IPD or 
MIA 

10mg/kg 
for all 

s.c. GD6-littering Distilled 
water 

[3H] 
Dihydroalprenolol 
binding to cortical 
membranes 

PND25 All drugs reduced Bmax, without 
affecting Kd  

De Ceballos et 

al. (1985b) 

[3H] Spiroperidol 
binding to frontal 
cortex membranes 

CMI, IPD and MIA reduced Bmax 
without affecting Kd, NOM increased 
Bmax and Kd 

Serotonin syndrome 
induced by CGL 
and 5-OH-TPH 

CMI decreased serotonin symptom 
behaviours, IPD and MIA increased them 
and NOM had no effect 
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Wistar rat IMI, 
DMI, 
CMI, 
IPZ or 
ICZ 

10mg/kg 
for all 

s.c. GD10-littering Vehicle 
(0.05M Tris 
buffer) 

Cliff aversion PND1 Increase in number of rats showing reflex 
in IPZ and ICZ groups  

Drago et al. 
(1985) 

Righting PND2 Increase in number of rats showing reflex 
in CMI, IPZ and ICZ groups  

Forelimb placing PND5 Increase in number of rats showing reflex 
in ICZ group  Forelimb grasping 

Bar holding PND6 Increase in number of rats showing reflex 
in IPZ and ICZ groups  

Open field PND90 Ambulation and rearing decreased in ICZ  

Active avoidance 
response 

Active avoidance responses inhibited by 
all drugs 

Sexual behaviour No effect of any drug   

Wistar-
Inamichi rat 

IMI 5mg/kg s.c. GD1-21 or GD15-21 Saline Body weight Weekly 
from 
PND7 

Both IMI groups gained more weight 
after 2 weeks of age, no difference on 
PND7 

Fujii et al. 
(1985) 

Eye opening Until 
achieved 

No effect of either dosing regime of IMI 

Basal body 
temperature 

8 or 13 
weeks old 

No difference between CON and longer 
IMI dosing group at 8 weeks, while 
shorter IMI dosing had decreased basal 
temperature in males and increased in 
females. Longer IMI dosing basal 
temperature was lower at 13 weeks 

Thermic responses 
to chlorpromazine 
(longer IMI dosing 
regime only for 13 
weeks) 

Temperature decreased in male and 
female CON rats and female IMI rats at 8 
weeks, while both male IMI groups had 
increased temperature. A similar pattern 
was seen at 13 weeks 

CD rat DOX or 
IMI 

30mg/kg 
for both 

i.p. GD1-7, 8-14 or 15-21 
for DOX, GD15-21 
for IMI 

Saline Body weight From birth 
to PND60 

No effect of DOX, IMI decreased body 
weight from birth to PND40, with an 
increase at PND5 only 

Simpkins et al. 
(1985) 

Systolic blood 
pressure 

Weekly 
from 5 to 
10 weeks 
old 

No effect of DOX or IMI on systolic 
blood pressure at any age 

Response to B-
adrenergic 
stimulation 

Heart rate increased following GD1-7 
DOX and non-significantly following 8-
14 DOX, no effect of 15-21 DOX or IMI 
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Sprague 
Dawley rat 

IMI 5 or 
10mg/kg 

s.c. GD8-20 Saline Maternal weight 
gain 

During 
gestation 

Both doses of IMI reduced body weight 
over gestation, high dose decreased when 
just GD20 was examined 

Harmon et al. 
(1986) 

Pup body weight PND1, 
4/5, 7/8, 
14/15, 
21/22 

No effect of either dose of IMI at any age 

Relative heart 
weight 

PND4/5, 
7/8, 14/15, 
21/22 

Reduced at PND4/5 and 7/8 in high dose 
IMI 

Relative brain 
weight 

Reduced at PND14/15 for high dose IMI 

Beta-adrenergic 
receptor 
concentration 

No effect of any dose of IMI at any age 

CD rat IMI 5 or 
10mg/kg 

s.c. GD8-20 Not given Maternal gain During 
gestation 

Both doses of IMI reduced weight gain 
during gestation  

Ali et al. 
(1986) 

Pup body weight PND1, 7, 
14, 21 

No main effect for IMI, some sporadic 
drug x age interaction effects 

Negative geotaxis PND7-9 More high dose IMI turned successfully 
and low dose IMI had shorter latency to 
complete the task on PND7 

Auditory startle 
habituation 

PND14, 
16, 18 

Low dose IMI had lower mean response 
amplitude. At PND18, low dose IMI 
males had decreased response amplitude  

Locomotor activity 
and d-amphetamine 
challenge 

PND21 No effects of any dose of IMI on either 
baseline or amphetamine-induced 
locomotor activity in females. No effect 
of IMI on baseline locomotor activity, but 
low dose IMI had increased activity 
following amphetamine challenge 

Catecholamine 
determinations 

PND1 or 
21 

No effect of either dose of IMI at either 
age  

Receptor binding B-adrenergic receptor binding decreased 
in low dose IMI males and muscarinic 
receptor binding increased in high dose 
IMI females at PND1. No effects of either 
dose of IMI were seen at PND21 
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Wistar rat CMI, 
DMI, 
FLX, 
CGL, 
DPL or 
NOM 

10mg/kg 
CMI, 
DMI and 
NOM, 
2.5mg/kg 
FLX, 
1mg/kg 
DPL, 
0.5mg/kg 
CGL 

Orally via 
drinking water 

GD6- littering Drinking 
water 

[3H]-IMI binding PND25 or 
90 

At PND25, CMI, FLX, CGL and DPL 
decreased the Bmax of [3H]-IMI binding, 
with no effects on Kd, DMI and NOM 
had no effects at this age.  At PND90, 
CGL and DPL decreased Bmax, with no 
effect on Kd. No other drugs had any 
effects at this age 

Montero et al. 
(1990) 

Sprague 
Dawley rat 

AMI 10mg/kg   s.c. GD2- littering Saline Body weight Birth, 
PND15, 
30 

AMI had lower birth weight, no effects at 
PND15 or 30 

Henderson et 

al. (1990) 

Righting reflex Until 
criterion 

Trend towards delayed righting reflex in 
AMI rats 

Eye opening Until 
achieved 

No effect of AMI   

Spontaneous 
locomotor activity 

PND30, 
60 

AMI had higher activity at PND30 during 
dark phase. No effects at PND60 

Sprague 
Dawley rat 

AMI 10mg/kg s.c. GD2- littering Saline Catalepsy response 
to haloperidol 

PND30, 
60, 180 

No effect of AMI at any age Henderson et 

al. (1993) 

Monoamine levels At PND30 and 180, no effect of AMI in 
any brain region. At PND60, AMI rats 
had lower levels of striatal 5-HT and 5-
HIAA 

Wistar rat DMI, 
IPD, 
TIA or 
FLX 

2.5mg/kg 
FLX, 
10mg/kg 
all others 

Orally via 
drinking water 

GD6- littering Drinking 
water 

5-HT-stimulted 
inositol phosphate 
levels 

PND25 or 
90 

At PND25, FLX and IPN blocked 
responses to higher levels of 5-HT. No 
effect of DMI or TIA at PND25 or any 
drug at PND90 

Romero et al. 
(1994) 

5-HT2 receptor 
binding 

PND25 DMI decreased Bmax with no effect on 
Kd, no effects of any other drug 
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Sprague 
Dawley rat 

FLX 1, 5 or 
12mg/kg 

Oral gavage GD7-20 Distilled 
water  

Maternal body 
weight 

GD8-20 12mg/kg and pair-fed control lighter than 
all other groups 

Vorhees et al. 
(1994) 

Distilled 
water (pair-
fed) 

Pup birth weight PND1  12mg/kg lighter than all other groups 

Locomotor activity PND16, 
45, 75 

No effect of any dose of FLX 

Acoustic startle 

Acoustic startle 
drug challenge 
Spontaneous 
alternation 

PND45 

Passive avoidance 

Cincinnati water 
maze 

Fischer 344 
rat 

FLX 2, 5 or 
12.5mg/kg 

Oral gavage GD6-GD15 Distilled 
water 

Body weights 
(dams) 

GD20 Decreased in 12.5mg/kg group Byrd et al. 
(1994) 

Food consumption 
(dams) 

Decreased in 12.5mg/kg group 

Foetal body weight No effect of any dose of FLX 
Anatomical 
abnormalities (live) 
Visceral 
abnormalities 
Skeletal 
abnormalities 

Dutch 
belted 
rabbit 

FLX 2.5, 7.5 or 
15mg/kg 

Oral gavage GD6-GD18 Distilled 
water 

Body weights 
(dams) 

GD28 Decreased in 15mg/kg group overall, 
reduced in other doses during first half of 
treatment period 

Food consumption 
(dams) 

Reduced in all doses during first half of 
treatment period 

Foetal body weight No effect of any dose of FLX 

      Anatomical 
abnormalities (live) 

   

      Visceral 
abnormalities 

   

      Skeletal 
abnormalities 
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Sprague 
Dawley rat 

FLX 10mg/kg s.c. GD13-GD20 Saline Maternal weight 
gain 

GD13-
GD20 

No effect of FLX Cabrera et al. 
(1994) 

Pup birth weight PND1 FLX had lower birth weight 

Post-weaning 
weight 

PND28 No effect of FLX 

Adult body weight PND70 FLX males had lower body weight 

DOI-induced 
stimulation of 
ACTH, renin and 
corticosterone  

PND28, 
70 

No effect at PND28, ACTH response to 
DOI lowered in FLX at PND70, no other 
effects at PND70 

Changes in 5-
HT2A/2C receptors 
and SERT 

No effect at PND28, reduction in Bmax 
(density) of hypothalamic 2A/2C at 
PND70, no effect on SERT at PND28 or 
70 

Sprague 
Dawley rat 

FLX 10mg/kg s.c. GD13-GD20 Saline Basal levels of 5-
HT and 5-HIAA in 
hypothalamus, 
striatum, 
hippocampus, 
midbrain and frontal 
cortex 

PND26 or 
70 

FLX males had reduced 5-HT content in 
frontal cortex at PND26, FLX exposed 
males had reduced 5-HT content in 
midbrain at PND70. No effect on 5-
HIAA 

Cabrera-Vera 

et al. (1997) 

PCA-evoked release 
of regional 5-HT 

PCA reduced 5-HT in all regions, 
reduction less in FLX at PND70 in 
midbrain  

Regional 5-HT 
reuptake sites by 
[3H] PXT binding 

No effect of FLX 

Sprague 
Dawley rat 

FLX 10mg/kg s.c. GD13-GD20 Saline 5-HT transporter 
density in brain 
regions labelled 
with [3H] CIT 

PND28 or 
70 

FLX increased density in CA2, CA3, 
lateral hypothalamus, basolateral and 
medial amygdaloid nuclei, reduced 
density in dorsomedial hypothalamus, 
lateral hypothalamus and substantia nigra 
on PND28, no effect on PND70. 

Cabrera-Vera 

et al. (1998) 
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CD-1 
mouse 

PXT 30mg/kg Food bars Two weeks before 
and throughout 
gestation 

Foodbar 
containing 
placebo 
(water) 

Pup body weight PND1-5 PXT males lower on PND1, PXT females 
lower on PND3, differences remained 
until PND5 

Coleman et al. 
(1999) 

Negative geotaxis PND3, 5 No effects of PXT 

Homing   PND9 No effects of PXT 

Separation 
vocalisation 

PND3, 5 Male PXT had higher vocalisations on 
PND3, female PXT had higher on PND5 

Elevated plus maze PND30, 
60 

No effects of PXT at either age 

Locomotor activity PND13, 
15,21, 65 

No effects of PXT at any age 

Exploratory 
behaviour in radial 
maze 

PND30 
and 65 

No effects of PXT at either age 

Social play PND18 No effects of PXT  

Forced swim test PND90  No effects of PXT 

Male aggression PND32-
38, 65, 95 

PXT displayed more aggressive 
behaviour during cage changing 
(PND65), but not following food 
restriction (PND32-38) or isolation 
(PND95) 

Reproductive 
capabillity 

Young 
adult 

No effects of PXT 

Wistar rat FLX or 
VFX 

8 or 
16mg/kg 
FLX; 40 
or 
80mg/kg 
VFX 

Oral gavage GD15-20 Water Gestation length N/A FLX, but not VFX shortened gestational 
length when both doses were combined 

da-Silva et al. 
(1999) 

Maternal weight 
gain and food 
consumption 

During 
dosing 

Higher doses of both FLX and VFX 
decreased weight gain and food 
consumption, lower doses did not 

Birthweight At birth Lower in litters treated with both doses of 
either FLX or VFX 

Maternal behaviour Neonatal 
period 

No effects of either FLX or VFX 

5-MeO-DMT 
induced forepaw 
treading and hind 
limb abduction 

PND110 No effects of either FLX or VFX 
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CD-1 
mouse 

PXT 30mg/kg Food bars From 2 weeks before 
mating until GD16 

Foodbar 
containing 
placebo 
(water) 

Body weight PND1,3,5 Reduced in PXT males on PND1, 3 and 
5, reduced in PXT females on PND3 

Rayburn et al. 
(2000) 

Body length No effects of PXT 

Head circumference No effects of PXT 

Incisor eruption PND9-14 Delay in upper and lower eruption for 
PXT male and female on PND11 

Eye opening PND14-
17 

No effects of PXT 

Adult body weight Until 
PND120 

Female PXT lower on PND45, 75 and 95, 
no differences in males 

Vaginal 
patency/testis 
bifurcation 

PND26-
30 

No effects of PXT 

Reproductive 
capabillity 

PND90 No effects of PXT 

CD-1 
mouse 

PXT 30mg/kg Food bars Once a day from 2 
weeks before mating 
and all through 
gestation 

Placebo bar Memory in food 
runway 

PND34-
38, 45, 80 

No effect of PXT at any age Christensen et 

al. (2000) 

Time to reach 
platform in water 
straight runway 

PND60-
64 

No effect of PXT  

Time to reach 
platform in Morris 
Water Maze 

PND65-
69 

No effect of PXT 

Time to complete 
and correct choices 
in Cincinnati maze 

PND97-
100 

No effect of PXT 

Latency to enter 
dark in passive 
avoidance 

PND100-
105 

No effect of PXT 

Syrian 
hamster 

CMI 40 or 
60mg/kg 

Oral- Sugar 
water solution 

During gestation Sugar water 
solution  

Sexual behaviour PND110 60mg/kg CMI had higher number of 
intromissions prior to first ejaculation  

Boscarino et 

al. (2002) 

Sprague 
Dawley rat 

FLX 8mg/kg s.c. GD1-20 Saline Maternal body 
weight   

After 
delivery 

No effect of FLX Johns et al. 
(2004) 

Litter weight At birth No effect of FLX 

125I Oxytocin 
binding in dams 

PND6 Upregulation of receptor number (higher 
Bmax) and lower affinity (higher Kd) in 
amygdala of FLX-treated dams  
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Hartley 
guinea pig 

FLX 7mg/kg Osmotic mini-
pump 

Infusion of total 
dose/day from GD1 to 
last GD 

DMSO/ 
water 

Thermal pain 
threshold 

9 weeks Threshold lower in DMSO controls than 
untreated or FLX 

Vartazarmian 

et al. (2005) 

Untreated Acoustic startle No effect of FLX 

Pre-pulse inhibition DMSO controls and FLX rats showed 
greater PPI to startle than untreated 

Sprague 
Dawley rat 

FLX 10mg/kg Oral gavage GD11-GD21 Not given Birth weight PND1 No effect of FLX Fornaro et al. 
(2007) Pulmonary 

hypertension 
After 
delivery 

FLX increased RV:LV septum weight 
ratio and 50-200um vessel diameter 
pulmonary arterial medial thickness 

Tissue serotonin 
content 

FLX reduced placental tissue serotonin 
content, but not lung serotonin content 

Arterial oxygen 
saturation 

3 hours FLX reduced arterial oxygen saturation 

Wistar rat FLX 8 or 
12mg/kg 

Orally  GD6-20 Distilled 
water 

Weight gain PND3-21 12mg/kg FLX had reduced birth weight, 
remained sporadically lower until PND21 

Bairy et al. 
(2007) 

Pinna attachment From 
PND3 

No effects of either dose of FLX 

Incisor eruption From 
PND3 

12mg/kg FLX had delay in eruption of 
both upper and lower incisors 

Eye opening PND12  No effects of either dose of FLX 

Negative geotaxis PND8, 10, 
12 

FLX 12mg/kg were faster on PND8, but 
both FLX groups were slower on PND10 
and 12 

Open field PND18, 
35, 56 

At PND18, both FLX groups had higher 
peripheral, central and total crossings, 
rearing was lower in 12mg/kg. At 
PND35, both FLX groups had lower 
peripheral, central and total crossings and 
rearing. At PND56, 12mg/kg FLX had 
reductions in peripheral, central and total 
crossings 

Rotarod PND22, 
45 

12mg/kg FLX had higher retention time 
on PND22, both FLX groups were higher 
on PND45 
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      Water maze PND24, 
29 

Both FLX groups had lower time to 
escape to the platform on PND24, only 
12mg/kg FLX was lower on PND29 

 

Elevated plus maze PND30 No effects of either FLX dose 

Passive avoidance PND44 12mg/kg FLX had increased latency to 
enter dark side in retention trial, no effect 
of 8mg/kg 

Swiss 
mouse 

FLX 7.5mg/kg Oral gavage GD0-PND21 Tap water Maternal body 
weight 

Weekly No effect of FLX Lisboa et al. 
(2007) 

Body weight PND1, 8, 
15, 22 

No effect of FLX 

Hot plate PND30, 
45, 70 

No effect of FLX  

Open field PND30, 
70 
(females)
PND40, 
70 (males) 

FLX decreased ambulation in male pups 
at PND40 only, no effects in females 

Forced swim test No effect of FLX on males, immobility 
increased in FLX females  

Elevated plus maze No effect of FLX  

Intruder-resident 
test 

PND70 
(males) 

FLX group had tendency towards 
increased latency to first attack. No 
effects on total number or duration of 
attacks 

Swiss 
mouse 

FLX 7.5mg/kg Oral gavage GD0-PND21 Tap water Anogenital distance PND1, 
120 

No effect of FLX Gouvea et al. 
(2008) Body weight No effect of FLX 

Organ weights PND120 No effect of FLX 

Plasmatic 
testosterone 

No effect of FLX 

Copulatory 
behaviour 

PND90± 
10 

No effect of FLX 

Sexual incentive 
motivation 

PND90± 
10 

FLX animals visited more and spent more 
time in social zone. CON spent more time 
in sexual zone than social zone, FLX 
spent equal time in each zone 
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C57Bl/6-
Jico mouse 

FLX or 
FVX 

0.3, 0.6 or 
0.8mg/kg 
FLX; 
4.2mg/kg 
FVX 

i.p. GD8-18 Sterile 
saline 

Body weight GD18, 
PND3, 20, 
adult 

No effect of FLX or FVX Noorlander et 

al. (2008) 

Mortality Birth to 
PND20 

FLX (0.8mg/kg) had increased mortality 
rate, no effect of FVX 

Cardiac wall 
thickness/radius 
ratio of left ventricle 

PND20 
and adult 

FLX (0.8mg/kg) ratio less at both ages, 
indicating dilated cardiomyopathy, no 
effect of FVX 

SERT binding of 
[3H] CIT 

 FLX (0.6 and 0.8mg/kg) decreased 
binding in raphe nucleus at both ages, no 
effect of FVX 

Elevated plus maze PND20 
and adult 

Both FLX (0.8mg/kg) and FVX increased 
percentage closed arm time at PND20, no 
effects of FVX in adulthood, FLX 
(0.8mg/kg) had same effects in adulthood 
as at PND20 

Open field FLX (0.8mg/kg) had less distance moved 
in inner area, no effect of FVX 

Novelty suppressed 
feeding 

FLX (0.8mg/kg) had increased latency to 
feed, no effect of FVX. No effect of 
either drug on motivational factors 

Wistar rat FLX 5mg/kg or 
10mg/kg 

s.c. GD13-20 Saline Maternal weight 
gain 

GD0, 13-
20 

No effect of either dose of FLX Cagiano et al. 
(2008) 

Birthweight At birth Decreased for both males and females in 
10mg/kg FLX group 

Pup mortality Neonatal 
period 

Increased in 10mg/kg FLX group 

Pup weight (males) PND7, 13, 
21, 30, 40, 
60, 80, 
120 

Reduced in 10mg/kg FLX group at 
PND60, 80 and 120 

Homing behaviour 
and locomotor 
activity 

PND6-10 Significant homing drug main effect, but 
no differences in post-hocs. No effects of 
FLX on locomotor activity 

Ultrasonic 
vocalisation 

PND10  Increased ultrasonic vocalisations in 
10mg/kg FLX 

Motor activity PND21, 
60 

No effects of either dose of FLX at either 
age 
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      Active avoidance 
conditioning, 
related ultrasonic 
vocalisation 

PND60  No effects of either dose of FLX   

Passive avoidance PND60 No effect of FLX on avoidance latency in 
retention trial, but approach latency in 
acquisition trial increased in the 10mg/kg 
FLX group 

Sexual behaviour, 
related ultrasonic 
vocalisation 

PND80 No effects of either dose of FLX 

Wistar rat FLX 10mg/kg Osmotic mini-
pump 

From GD14 for 14 
days  

50:50 water: 
ethanol 

Birthweight At birth No effects of FLX Forcelli et al. 
(2008) Elevated plus maze PND30 FLX did not affect individual arm entries 

or time in each arm, but did show a 
reduction in total arm entries 

Cocaine place 
conditioning 

PND60-
65 

FLX had increased time in cocaine-paired 
compartment 

Body weight PND60 Reduced in FLX 

Cocaine self-
administration 

From 
PND90 

No effects of FLX during acquisition 
period, response rates in extinction trial 
compared with last day of baseline 
acquisition period were higher in FLX 

Nissl staining PND120 Decrease in cell count in nucleus 
accumbens, but not in amygdala, raphe 
nucleus or parietal cortex of FLX 

SERT immuno- 
histochemistry 

PND120 Decrease in SERT-like immunoreactive 
cells in raphe nucleus, but not nucleus 
accumbens, cortex or amygdala of FLX 

Fischer 344 
rat 

PXT, 
stressed 
and 
non-
stressed 
dams 

10mg/kg Orally  GD14-21 Drinking 
water 

Maternal body 
weight 

GD0, 21 No effect of PXT treatment in stressed or 
non-stressed 

Van den Hove 

et al. (2008) 

Birthweight At birth Overall, PXT had lower birth weights 

Pre-weaning 
mortality 

Neonatal 
period 

Overall, PXT increased mortality rate 
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Wistar rat MTZ 3.6 or 
7.2mg/kg 

Orally GD6-20 No 
treatment 

Maternal weight 
gain 

Every 3 
days  

Higher dose MTZ had lower percentage 
weight gain on all weighing days, no 
effect of lower dose 

Sahoo et al. 
(2010) 

Pup weight   Every 3rd 
day until 
weaning 

Higher dose MTZ gained less weight at 
birth and PND3, no effect of lower dose 

Physical maturation Until 
achieved 

Pinna detachment, incisor eruption and 
eye opening delayed in high, but not low 
dose MTZ 

Surface righting 
reflex 

PND4-8 Both MTZ doses less active  

Swimming 
development 

PND6, 8, 
10, 12 

Both MTZ doses more inefficient  

Negative geotaxis PND8-12 Higher, but not lower MTZ dose had 
more time to turn on PND8, 10 and 12  

Ascending wire 
mesh 

PND14-
18 

Higher, but not lower MTZ dose took 
more time on PND14 and 18  

Rotarod PND22, 
59 

Higher, but not lower MTZ dose spent 
less time on the rod at both ages  

Elevated plus maze PND30 Higher, but not lower dose MTZ had less 
entries into and time spent on open arms  

Open field PND18, 
35, 56 

Both MTZ doses more active on PND18. 
At PND 35 and 56, higher, but not lower 
dose MTZ was less active 

Water maze PND24, 
61 

Higher, but not lower doses of MTZ took 
longer to escape to the platform on 
PND24. No effects of either dose on 
PND61 

Monoamine levels PND62 Higher, but not lower doses of MTZ had 
reduced NA and DA concentrations in the 
brain  

Rat (strain 
not given) 

CIT 20mg/kg Not given GD11-19 Not given Cortical SERT fibre 
density and 
morphology 

Adulthood 
 

Density reduced after CIT in 
hippocampus, medial prefrontal cortex, 
primary somatosensory cortex and 
auditory cortex. Morphology changed to a 
studded appearance in latter two areas 

Simpson et al. 
(2011) 
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      TPH immuno-
histochemistry 

 CIT had reductions in labelling along 
raphe midline in dorsomedial and 
ventromedial regions of the dorsal raphe 
nucleus as well as in the median raphe 
nucleus 

 

Callosal myelin 
sheath formation by 
oligodendrocytes 

CIT had higher number of abnormal 
callosal axons, with hypo- and 
hypermyelination; more profound 
changes in males than females. Changes 
were in supragranular layer only 

Long Evans 
rat 

FLX 8, 11 or 
12mg/kg 

Osmotic mini-
pump 

GD12-21 Isotonic 
saline 

Beam traversing PND70-
100 

No effects of any dose of FLX on time to 
traverse or traversing errors 

Capello et al. 
(2011) 

Defensive 
withdrawal test 

No effects of any dose of FLX 

Frontal cortex 
SERT and NET 
density 

No effects of any dose of FLX on Bmax 

C57Bl/6-J 
mouse or 
mouse 
lacking 5-
HT3A 
subunit 

FLX 0.6mg/kg i.p. GD8-18 Saline Layer 2/3 pyramidal 
neuron dendritic 
tree complexity 

PND6-9, 
60 or 
365+ 

In wild-type, complexity of apical 
dendrites reduced in FLX animals at all 
ages, basal dendrite complexity reduced 
in FLX animals at PND60 only. No effect 
of FLX on spine density. No drug effects 
in KO mice 

Smit-Rigter et 

al. (2012) 

Novelty suppressed 
feeding 

Not given FLX increased latency to feed in wild-
type, but not KO mice, no effects of FLX 
on weight loss, time spent feeding or food 
consumption 
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Table A4: Behavioural effects following neonatal exposure to antidepressants (PND= postnatal day; CMI= clomipramine; i.p.= intraperitoneal; 
s.c.= subcutaneous; ICZ= isocarboxazid; DMI= desipramine; ZMI= zimelidine; NOM= nomifensine; TMI= trimipramine; REM= rapid eye 
movement; CIT= citalopram; AChE= acetylcholinesterase; %OAT= percentage time spent in open arms; FLX= fluoxetine; IMI= imipramine, 
EsCIT= escitalopram; BUP= bupropion; FVX= fluvoxamine; TPH= tryptophan hydroxylase) 

 

Strain/ 

species 

Drug Dose ROA Dosing period Control Tests Test Age Results Reference 

Wistar rat CMI 15mg/kg i.p. Twice a day, 
PND8-21 

Saline Body weight PND8-31, 3-
13 months 

CMI body weight developed at a slower 
rate  

Mirmiran et 

al. (1981) 

Open field From PND70 CMI had decreased ambulation in inner 
area and rearing  

Sexual behaviour CMI decreased number of rats ejaculating 
and increased mount/ intromission ratio, 
with no effects on mount or intromission 
latency 

Passive avoidance CMI had lower latency to enter the box in 
the pre-shock trial, no difference in 
retention trial 

Differential 
reinforcement of low 
response rate 

No effects of CMI on percentage of 
responses reaching criterion 

Left-right alternation 
learning 

No effect of CMI on response accuracy in 
training or retraining, but response rate 
was increased in CMI in initial sessions 
of training and during all retraining 
sessions 

Sleep measurements PND8-22, 11 
months 

CMI had lower active sleep as a 
percentage of total sleep time in youth 
and higher active sleep in adulthood. CMI 
rats had more wakefulness in youth, but 
not adulthood 

Organ weight 12 months No effect of CMI  

Plasma testosterone No effect of CMI   
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Holtzman rat CMI 3mg/kg Oral, via 
drinking 
water 

Before mating 
to weaning. 
Pups cross-
fostered to 
produce control, 
prenatal 
exposure, 
postnatal 
exposure and 
both  

Drinking 
water 

Maternal locomotor 
activity 

Day 1 and 5 
of dosing 

No effect of CMI at either day Rodriguez 
Echandia et 

al. (1983) Maternal body weight Throughout 
gestation 

No effect of CMI 

Maternal behaviour Throughout 
neonatal 
period 

No effect of CMI  

Pup body weight PND2 and 21 No effect of CMI prenatally or during 
both periods at either age, CMI 
postnatally rats were heavier  

Home cage movement Neonatal 
period 

No effect of any dosing regime of CMI 
on movement in the home cage 

Eye opening Until 
appearance 

No effect of any dosing regime of CMI   

Open field PND21 No effect of any dosing regime of CMI  

Familiar environment PND30-40, 
90-100 

No effect of any dosing regime of CMI 
on rearing, sniffing or gnawing at 
PND30-40. Digging and grooming were 
increased in rats exposed to CMI 
prenatally and in both periods, but not 
postnatally. Scratching was also increased 
in rats exposed to CMI in both periods. 
Similar patterns in adulthood, but no 
effects of prenatal CMI on grooming or 
exposure in both periods on scratching  

Novel environment PND40-50, 
100-110 

No effects of any dosing regime of CMI 
in females at any age. At PND40-50, 
males exposed prenatally had decreased 
time spent exploring the runway, 
emergences into the runway and rearing 
frequency on the runway; the other 
dosing regimes had the former effect. In 
adulthood, all CMI dosing regimes 
explored the runway less; prenatal 
exposed CMI also rearing less on runway  
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      Social Behaviour  PND50-60, 
110-120 

At PND50-60, males exposed to CMI 
prenatally and during both periods had 
decreased sniffing, rubbing and 
mounting, no effect of postnatal CMI. 
Decreased sniffing in females exposed to 
CMI during both periods. No drug effects 
at PND110-120 

 

Wistar rat CMI 25mg/kg s.c. PND8-21 Vehicle 
(oil) 

Open field From PND70 No difference on first day of testing, but 
while CON had decreased activity over 
days, CMI did not 

Mirmiran et 

al. (1983) 

Sexual behaviour CMI increased number of mounts and 
decreased number of ejaculations  

Passive avoidance  No effect of CMI 

Dark preference No effect of CMI 

Sleep patterns After 
behavioural 
testing 

CMI had increased active sleep duration 
and number of myoclonic jerks 

Brain region weights After sleep 
pattern testing 

CMI decreased weight of total brain, 
medulla oblongata and cerebral cortex, no 
effects on other brain regions 

DNA, protein and NA 
levels 

CMI decreased DNA in medulla and 
protein in cortex, with no effects on NA 

Lister-Hooded 
rat 

CMI 3, 10 or 
30mg/kg 

s.c. PND8-21 Water Body weight (group 
housed animals 
weighed daily) 

Throughout 
testing 

Decreased in 30mg/kg CMI from PND14 
to 70, but not at end of experiment 

File et al. 
(1983a) 

Body weight (singly 
housed animals not 
weighed daily) 

Throughout 
testing 

Decreased in 30mg/kg CMI from PND14 
onwards 

Open field PND71-73 No effect of any dose of CMI  

Social interaction PND78-81 No effect of any dose of CMI   

Home cage aggression 
(group housed) 

PND94-99 No effect of any dose of CMI when the 
experimental animal was the resident, 
sporadic, non-dose-dependent increase in 
dominance when experimental animal 
was the intruder 

Home cage aggression 
(singly housed) 

PND106-110 Did not confirm results of group housed 
animals 

Passive avoidance PND105-114 No effect of any dose of CMI 
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      Sexual behaviour 
(singly housed) 

PND70-92 No effect of any dose of CMI   

Sexual behaviour 
(group housed) 

PND75-81 No effect of any dose of CMI  

Holeboard PND89  No effect of any dose of CMI 

Lister-Hooded 
rat 

CMI 3 or 
10mg/kg 

i.p. PND8-21 Water Holeboard PND31-33, 
PND80-82 

No effect of any dose of CMI at either 
age on head dipping, but younger CMI 
had a greater habituation when 3 and 
10mg/kg doses were grouped together 

File et al. 
(1983a) 

Open field PND34-36, 
PND77-79 

Number of line crosses and rearing 
reduced in CMI 

Social interaction PND37-38 CMI animals had increased social 
interaction in and unfamiliar but not 
familiar test arena compared with CON. 
When interaction was divided into 90-
second time bins, a difference was seen 
between CMI and CON in the last bin in 
the familiar arena 

Home cage aggression PND39-42, 
PND99-108 

When younger experimental animals 
were residents, no differences between 
groups were seen, when these animals 
were intruders, there were higher levels of 
sniffing both of and by CMI. No 
differences in adult rats 

Alko mixed 
(derived from 
Wistar, 
Sprague-
Dawley and 
Long-Evans) 
rat 

CMI 25mg/kg i.p. PND8-21 Saline Open field following 
ethanol administration 

PND55 CMI without ethanol tended to ambulate 
more, but CMI with ethanol had lower 
ambulation than CON 

Hilakivi et al. 
(1984) 

Ethanol intake (no 
choice) 

From PND66 
for 7 days 

No effect of CMI 

Ethanol preference (free 
choice) 

From end of 
ethanol intake 
for 4 weeks 

Both intake and preference for ethanol 
increased in CMI; no effects on total fluid 
intake 

Wistar rat IMI, 
DMI, 
CMI, 
IPZ 
and 
ICZ 

10mg/kg for 
all 

i.p. PND1-5 Vehicle 
(0.05M 
Tris 
buffer) 

Open field PND90 Ambulation and rearing decreased in ICZ 
compared with CON 

Drago et al. 
(1985) 

Active avoidance 
response 

Active avoidance responses inhibited by 
all drugs 

Sexual behaviour No effect of any drug   
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Sprague 
Dawley rat 

AMI 10mg/kg i.p. PND1-12 Saline Body weight PND1-12 Average body weight decreased in AMI 
rats  

Chuah et al. 
(1986) 

Olfactory bulb laminar 
area 

PND13 No effects of AMI on whole bulb, 
glomerular layer or mitral cell 
layer/internal plexiform layer/granule cell 
layer. External plexiform area was 
decreased in AMI in the caudal levels 

Alcohol 
preferring (AA) 
and alcohol 
avoiding 
(ANA) rats 

CMI 25mg/kg s.c. PND7-20 Saline Voluntary alcohol 
consumption (free 
choice) 

From PND71 
for 3 weeks 

CMI AA rats had higher alcohol intake 
than CON AA rats; no effects in ANA 
rats or on body weight in either line 

Hilakivi et al. 
(1986) 

Alcohol intake 
following deprivation 

17 days after 
voluntary 
experiment 

Both ANA groups had non-significantly 
increased intake compared with baseline 
on first day of availability. AA rats had 
delayed alcohol deprivation effect, with 
no overall drug effect. Significant 
line*treatment interaction in rats who did 
increase alcohol intake after deprivation. 
CMI AA tended towards decreased 
alcohol intake and CMI ANA rats tended 
towards an increase 

Wistar rat DMI 
or 
ZMI 

5mg/kg  
DMI, 
25mg/kg 
ZMI 

i.p. PND7-18 Saline Forced swim test 2 and 5 
months 

Immobility time increased for both drugs 
on both test days at 2 months. Only DMI 
increased immobility at 5 months, with a 
tendency for ZMI to do so 

Hilakivi et al. 
(1987a) 

Long-Evans 
(DMI and ZMI) 
and Wistar 
(NOM) rats 

DMI, 
NOM 
or 
ZMI 

5mg/kg 
DES, 
10mg/kg 
NOM 
25mg/kg 
ZMI 

s.c. PND7-18 Not given Sleep/wake behaviour During 
treatment 
period 

All drugs reduced percentage of active 
sleep during treatment period. DMI lost 
effects from PND13, DMI and ZMI 
increased percentage of quiet state and 
NOM lengthened waking episodes prior 
to sleep 

Hilakivi et al. 
(1987b) 

Voluntary alcohol 
consumption (free 
choice) 

2-3 months All drugs increased alcohol intake as a 
percentage of total fluid intake 

Monoamine levels 
(DMI and ZMI) 

4 months DMI had lower DA, 5-HT and 5-HIAA in 
hypothalamus, ZMI had lower NA in the 
limbic forebrain, lower DA in striatum 
and hypothalamus and lower 5-HT and 5-
HIAA in the hypothalamus 
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Wistar rat DMI 
or 
ZMI 

5mg/kg  
DMI, 
25mg/kg 
ZMI 

s.c. PND6-19 Saline Sleep/wake behaviour PND6-19 DMI and ZMI reduced active sleep from 
PND6-13 and PND14-19 and increased 
amount of quiet state relative to total 
recording time from PND6-13. From 
PND14-19, percentage of waking relative 
to total recording time was decreased in 
ZMI but not DMI 

Hilakivi et al. 
(1987c) 

Long Evans rat Open field with or 
without alcohol 

PND70-92 ZMI had increased ambulation in the 
outer section, with a trend for DMI. DMI 
had higher defecation. Following alcohol, 
ZMI had a trend towards reduced 
ambulation 

Voluntary alcohol 
consumption (free 
choice) 

3 months DMI and ZMI had increased alcohol 
intake and preference, with no effects on 
total fluid intake 

Monoamine levels 4 months DMI had higher MHPG-SO4 in the 
limbic forebrain and lower concentrations 
of DA, 5-HT and 5-HIAA in 
hypothalamus. ZMI had lower NA and 
higher MHPG-SO4 in the limbic 
forebrain, lower DA, higher DOPAC and 
lower HVA in the striatum and lower DA, 
5-HT and 5-HIAA in the hypothalamus 

Both strains Body weight Neonatal 
period 

No effect of either drug on body weight 

Physical maturation Until achieved No effect of either drug   

Sprague 
Dawley rat 

CMI 15mg/kg s.c. Twice a day, 
PND8-21 

Saline Shock-induced 
aggression 

3 months CMI had fewer offensive behaviours, 
more defensive behaviours and a larger 
difference between offensive and 
defensive behaviours; no effects on total 
fighting activity 

Vogel et al. 
(1988) 

Wistar rat DMI, 
NOM 
or 
ZMI 

5mg/kg 
DMI, 
10mg/kg 
NOM, 
25mg/kg 
ZMI 

i.p. PND7-21 Saline Forced swim test 2 or 5 months All drugs increased immobility time at 2 
months of age. DMI, but not ZMI had 
increased immobility at 5 months of age, 
NOM was not tested at this age 

Hilakivi et al. 
(1988) 
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Wistar rat CMI 7.5 or 
15mg/kg 

s.c. Twice a day, 
PND2-14 

Saline Body weight 5-41 weeks CMI (both doses together) decreased 
throughout the experiment 

De Boer et al. 
(1989) 

Radial maze 12-25 weeks No effect of either dose of CMI 

Hebb-Williams maze 27-30 or 28-
31 weeks 

Sexual behaviour 33-34 weeks In ejaculating rats only, mean number of 
ejaculations per session decreased and 
contact latency increased by CMI  

Sleep measurements 40-50 weeks Wakefulness was decreased in both 
groups of CMI rats; trends towards 
increases in both quiet and REM sleep 

Wistar rat DMI, 
IMI or 
NOM 

5mg/kg for 
all 

i.p. PND8-22 Saline Forced swim test with 
or without alcohol 

2 months Without alcohol, DMI had longer 
immobility time, no effect of IMI or 
NOM. Immobility time was shortened in 
DMI-alcohol compared with DMI-CON 

Fernandez-
Pardal et al. 
(1989) 

Sprague 
Dawley rat 

CMI 15mg/kg s.c. Twice a day, 
PND8-21 

Saline Intracranial self-
stimulation 

3-4, 5 or 7 
months 

No effects at 3-4 or 5 months, although 
CMI had tendency towards more bar 
presses/mamp in former. At 7 months, 
CMI had lower intracranial self-
stimulation rates, less bar presses/mamp 
and no effects on stimulus intensity to 
reach 1000 bar presses 

Vogel et al. 
(1990b) 

Sprague 
Dawley and 
Wistar rats 

CMI 15mg/kg s.c. Twice a day, 
PND8-21 

Saline Open field 2-8 months No differences at 2, 3 or 8 months. CMI 
more active at 4 and 6 months, with 
increased activity in outer arena 

Hartley et al. 
(1990) 

Spontaneous locomotor 
activity 

CMI more active at 3 months only 

Sprague 
Dawley, Wistar 
and Long-
Evans rats 

CMI 15mg/kg s.c. Twice a day, 
PND8-21 

Saline Sexual behaviour 3-4 months, 7 
months 
(Long-Evans 
only) 

No effects of CMI in Sprague Dawley or 
Wistar, although all values were low. In 
Long-Evans at 3 months, CMI had fewer 
mounts, intromissions and ejaculations, 
longer mount latency and tendency 
towards longer postejaculatory pauses. At 
7 months, profile was similar to 3 months 

Neill et al. 
(1990) 
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Sprague 
Dawley and 
Wistar rats 

CMI 15mg/kg s.c. Twice a day, 
PND8-21 

Saline Baseline sleep 
behaviour 

6 (Sprague 
Dawley only) 
and 11 months 

At 6 months, CMI had higher % of REM 
sleep, shorter REM latency and more 
sleep onset REM periods, greater duration 
of long wake periods and continuous 
wake periods over 24 hours, with REM 
abnormalities more present in light 
period. No effects seen in either strain at 
11 months except longer REM period 
duration in CMI Sprague Dawleys 

Vogel et al. 
(1990c) 

Sprague 
Dawley rat 

Sleep behaviour 
following REM sleep 
deprivation 

6 and 11 
months 

On postdeprivation day 1 at 6 months, 
CMI had higher % REM sleep during 
first 2 hours of dark phase and lower 
during first 2 hours of light phase with no 
effects on total REM rebound. On day 2 
in the dark phase, CMI rats had higher 
REM %, shorter REM latency and more 
sleep onset REM periods. On day 3, CMI 
rats had higher REM % in dark, more 
minutes of REM sleep in dark and for 24 
hours, more and longer REM periods in 
dark and shorter REM latency over 24 
hours. At 11 months, on Day 1, CMI had 
more sleep onset REM periods. On day 2, 
CMI had greater REM minutes and more 
REM periods both in dark and over 24 
hours. On day 3, CMI had more REM 
minutes over 24 hours 

Rat (strain not 
given) 

CMI 15mg/kg s.c. Twice a day, 
PND8-21 

Saline Novel object 3, 4, 5, 6 
months 

CMI had less novel object exploration at 
3 and 4, but not 5 and 6 months 

Vogel et al. 
(1990a) 

Sucrose consumption 3-11 months No effect of CMI 

Saccharine consumption 3-10 months CMI had lower consumption at 7 months 
only 

Wistar rat CMI 15mg/kg s.c. Twice a day, 
PND8-21 

Saline Forced swim test 6 months CMI increased immobility time in both 
15 minute preswim and 5 minute swim 

Velazquez-
Moctezuma et 

al. (1992) 
Wistar rat CMI 15mg/kg s.c. PND8-21 Saline Sexual behaviour From 3 

months 
CMI reduced percentage of rats 
displaying mounts, intromissions and 
ejaculations 

Velazquez-
Moctezuma et 

al. (1993) 
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      Forced swim test  CMI increased immobility time in both 
15 minute preswim and 5 minute swim 

 

Sprague 
Dawley rat 

IMI, 
TMI 
or 
FLX 

5mg/kg for 
IMI and 
TMI, 
2mg/kg for 
FLX 

i.p. PND7-28 Saline 5-HT uptake sites PND29 No effect of any drug on 5-HT uptake site 
Bmax or Kd values 

Dewar et al. 
(1993) 

Monoamine levels 5-HT levels, 5-HIAA levels and turnover 
not affected by any drug in cingulate 
cortex, neostriatum, hippocampus or 
midbrain raphe nuclei 

Sprague 
Dawley rat 

CMI 15mg/kg s.c. Twice a day,  
PND6-18 

Saline Corticosterone levels 
following stress 

8 weeks Smaller increase in corticosterone levels 
and faster return to baseline in CMI 

Ogawa et al. 
(1994) 

Wistar rat DMI 5mg/kg s.c. PND7-22 Saline Circadian drinking free-
running period 

From PND45 In a second period of constant darkness, 
free-running period was increased in 
DMI. Period lengthening from constant 
darkness to constant light was also 
reduced by DMI  

Rosenwasser 
et al. (1994) 

Free-running amplitude Amplitude ratios were higher in DMI 
across all conditions 

Free-running spectral 
magnitude 

Magnitude was higher in DMI  across all 
conditions 

Alcohol intake with free 
choice 

During or 
after sleep 
studies 

DMI had a trend towards higher alcohol 
intake 

Sprague 
Dawley rat 

CMI 15mg/kg s.c. Twice a day, 
PND8-21 

Saline Spontaneous electrical 
activity of dorsal raphe 
5-HT neurons 

2 months No effects of CMI on spontaneous firing, 
number of spontaneously active neurons, 
mean firing rates or pattern of discharge 

Maudhuit et 

al. (1995) 

CIT-induced electrical 
activity of dorsal raphe 
5-HT neurons 

Higher dose of CIT needed to inhibit 
neuronal firing in CMI  

Wistar rat CMI 15mg/kg s.c. Twice a day, 
PND5-21 

Saline Body temperature- 
Oxotremorine challenge  

3 months CMI had different baseline temperature to 
CON and were more sensitive to 
oxotremorine-induced hypothermia 

Prathiba et al. 
(1995) 

Passive avoidance CMI had longer latency to enter the dark 
compartment in the retention trial, no 
effects on acquisition trial 

Open field CMI had more peripheral entries, no 
difference in central entries 
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Long Evans rat CMI 30, 40, 50 or 
60mg/kg 

i.p. PND8-21 Saline Locomotor activity 4 months No effect of any dose Vogel et al. 
(1996) Sexual behaviour 5 months Dose-dependent decrease 

Long Evans rat CMI, 
ZMI 
or 
DMI 

15mg/kg 
CMI, 
25mg/kg 
ZMI, 
6mg/kg 
DMI 

i.p. Twice a day, 
PND8-21 for 
CMI, once a 
day, PND8-21 
for ZMI and 
DMI 

Bacterio-
static 
water and 
dimethyl 
sulfoxide 

Sleep architecture PND90-120 REM sleep as % of total sleep time 
increased in CMI, non-significantly in 
ZMI and not affected in DMI. No 
differences in the amount of total sleep 
time, nonREM sleep or wake time. CMI 
and ZMI had shorter and more numerous 
REM bouts and shorter nonREM sleep 
bouts. No difference in frequency or 
duration of wake bouts between groups. 
Non-REM to REM transitions increased 
in CMI and ZMI  

Frank et al. 
(1997) 

Sleep and wake EEG No gross disturbances in vigilance state 
EEGs following any drug treatment. CMI 
and ZMI had decreased power in REM 
sleep EEG theta frequencies, increased 
power in REM sleep EEG sigma 
frequencies and sigma power in non-
REM sleep 

Sleep distribution No differences in 24 hour pattern of sleep 
distribution between groups 

Long Evans rat CMI 20mg/kg s.c. Twice a day, 
PND8-21 

Saline Dorsal raphe nucleus 
neuronal activity 

2 and 3 
months 

Firing rate of DRN neurons lower in CMI 
at both ages, with altered temporal 
discharge, characterised by more flattened 
and widely distributed average interspike 
interval histogram (ISIH) in the CMI 
group, rather than the single peak seen in 
CON groups 

Kinney et al. 
(1997) 

Syrian hamster CMI 
or IMI 

15mg/kg for 
each 

s.c. PND8-21 Saline Wheel running- 
Circadian rhythm 

4-17 weeks CMI had increased amplitude of running 
rhythms, only at 10-11 weeks, no effect 
of IMI. No effect of either drug on 
running in constant light 

Klemfuss et 

al. (1998) 

Body temperature- 
Oxotremorine challenge  

18 weeks No effect of either drug 

Wistar rat CMI 15mg/kg s.c. Twice a day, 
PND5-21 

Saline Serum corticosterone 
(some CMI rats REM 
sleep deprived) 

3 months For both, CMI had higher corticosterone 
levels, reduced following REM sleep 
deprivation, no difference between CON 
and REM sleep deprived CMI 

Prathiba et al. 
(1998) 
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      Corticosterone 
following 
dexamethasone 
suppression 

   

Wistar rat CMI 30mg/kg s.c. Twice a day, 
PND8-21 

Saline Sexual behaviour 5 months CMI increased mount latency and 
number, intromission and ejaculation 
latency and decreased number of 
ejaculations 

Bonilla-Jaime 

et al. (1998) 

Wistar rat CMI 15mg/kg s.c. Twice a day, 
PND8-21 

Saline Circadian drinking 
rhythms 

From weaning No effect of CMI on free-running period. 
CMI had higher spectral magnitude 
across all light conditions.  

Dwyer et al. 
(1998) 

Alcohol intake Adulthood CMI had higher levels of alcohol intake 
across the whole 3 week alcohol 
availability period. Alcohol did not cause 
any differences in circadian drinking 
rhythms to those described above 

Syrian hamster CMI 15mg/kg s.c. PND8-21 Saline Free running and 
activity length in 
constant darkness 

4-7 months No effects of CMI Yannielli et 

al. (1998) 

Activity length and 
phase angle in 
light/dark 

No effects of CMI 

Amplitude, acrophase 
and mean activity of 
wheel-running rhythm 

CMI increased amplitude (but not 
significant when expressed as 
amplitude/mesor), delayed acrophase and 
increased mean activity 

Resynchronisation 
following phase 
advance 

CMI had longer resynchronisation time 

Phase advance 
following light pulse 
during constant 
darkness 

CMI reduced magnitude of phase advance 
when pulse applied late, but not early 
subjective night 

Free running in constant 
light 

CMI had shorter free running periods 

8-OH-DPAT activity 
onset challenge in 
constant darkness 

Onset of activity advanced in both CMI 
and CON, extent of advance greater in 
CMI 
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Syrian hamster CMI 15mg/kg s.c. PND8-21 Saline Locomotor activity Adulthood Increased in CMI in both light and dark 
phases 

Yannielli et 

al. (1999) 
Elevated plus maze No effect of CMI, but CMI did not differ 

between light and dark phase, whereas 
CON did 

5-HT and 5-HIAA 
determination 

5-HT decreased in frontal cortex and 
anterior hypothalamus of CMI, no effect 
in midbrain raphe. No effects on 5-HIAA. 
Turnover increased in anterior 
hypothalamus and midbrain raphe of 
CMI, no effects in frontal cortex 

Wistar rat CMI 22.5mg/kg s.c. Twice a day, 
PND8-21 

Saline, 
untreated 
control 

Body weight 3 months Reduced in CMI compared with both 
CON 

Vijayakumar 
et al. (1999) Food intake 

Shock induced-
aggression 

CMI had lower aggression scores than 
both CON 

Monoamine levels 5-HT and NA reduced in frontal cortex, 
hippocampus, septum, hypothalamus and 
brainstem, DA reduced in hippocampus 
of CMI compared with both CON 

Sprague 
Dawley rat 

CMI 40mg/kg i.p. PND8-21 Saline Forced swim test 4 months No effect of CMI on immobility duration 
or swimming activity 

Yoo et al. 
(2000) 

Wistar rat CMI 15mg/kg s.c. Twice a day, 
PND5-21 

Saline Oxotremorine-induced 
hypothermia following 
REM sleep deprivation  

3 months CMI without sleep deprivation were more 
sensitive to hypothermia. CMI sleep-
deprived were not different to CON 

Prathiba et al. 
(2000) 

Passive avoidance 
following REM sleep 
deprivation  

Latency to enter dark compartment in 
retention trial increased in CMI without 
sleep deprivation. CMI sleep-deprived 
were not different to CON 

Open field following 
REM sleep deprivation 

CMI without sleep deprivation had 
increased square crosses. CMI sleep-
deprived were not different to CON 

Long Evans rat CMI 20mg/kg s.c. Twice a day, 
PND12-17 

Saline Sexual behaviour 4-5 months CMI had lower sexual behaviour (less 
mounts, intromissions and ejaculations, 
longer latency to mount and ejaculate, 
longer post-ejaculation interval) 

Feng et al. 
(2001) 



                                Appendices 

272 
 

    Twice a day , 
PND14-20 

   CMI had lower sexual behaviour (less 
mounts, intromissions and ejaculations, 
longer latency to mount and ejaculate, 
longer post-ejaculation interval) 

 

Twice a day, 
PND16-22 

No effect of CMI 

Twice a day, 
PND12-15 

CMI had longer latency to mount 

Wistar rat CIT 20mg/kg s.c. Every 3 days, 
PND1-19 

Saline Body weight PND1, 21, 90-
120 

CIT had lower body weights on PND21 
and 90-120 

Manhaes de 
Castro et al. 
(2001) Shock-induced 

aggression 
PND90-120 CIT had a reduced duration of 

aggressiveness 
Sprague 
Dawley rat 

CMI 15mg/kg s.c. Twice a day, 
PND8-21 

Saline, 
untreated  

Dendritic spine density PND90 Reduced in CMI in dentate gyrus, no 
effects on mean dendritic length 

Norrholm et 

al. (2001) 

Wistar rat CMI 22.5mg/kg s.c. Twice a day, 
PND8-21 

Saline Shock-induced 
aggression 

3 months Reduced in CMI  (animals  chosen for 
AChE based on aggression scores- only 
those displaying reductions included) 

Mavanji et al. 
(2002) 

AChE activity Activity of soluble form of AChE 
reduced in frontal cortex and increased in 
hippocampus of CMI. No differences in 
hypothalamus, brainstem or septum 

Sprague 
Dawley rat 

CMI 15mg/kg s.c. Twice a day, 
PND8-21 

Saline Body weight PND21 CMI reduced body weight in both males 
and females 

Andersen et 

al. (2002) 
Locomotor activity PND60 Increased in CMI males but not females 

Elevated plus maze  PND70 CMI decreased % OAT 

Nucleus accumbens 
monoamine levels 

PND80 
approx 

5-HT and DA greater on right than left of 
CON, reversed in CMI, no effect on NA 

Prefrontal cortex 
monoamine levels  

No effect on 5-HT content, but utilisation 
elevated. CMI reduced pooled DA and 
left hemisphere DA 

Striatal monoamine 
levels 

No laterality in CON, right greater than 
left in CMI for 5-HT. No effects on DA 

Amygdala and 
hippocampal 
monoamine levels 

Minimal 5-HT laterality in CON 
amygdala; CMI had left greater than 
right. Small decrease in pooled DA 
levels. No effects on hippocampus 
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Wistar rat CMI 15mg/kg s.c. Twice a day, 
PND8-21 

Saline Forced swim test 4-5 months CMI increased immobility time Bonilla-Jaime 

et al. (2003b) Sexual behaviour 5 months CMI reduced percentage of animals 
displaying mounts, intromissions, and 
ejaculations. In active animals, CMI 
increased mount, intromission and 
ejaculation latencies, intercopulatory and 
interintromission intervals and decreased 
ejaculatory frequency and hit rate 

Testosterone and 
corticosterone levels 

5 months Increased in presence of female 
regardless of sexual activity or drug 
treatment compared with no female 
present. Increase in corticosterone 
significantly less in CMI 

Long Evans rat CMI 20mg/kg s.c. Twice a day, 
PND8-21 

Saline Sexual behaviour 3-4 months CMI had fewer mounts and ejaculations, 
longer post-ejaculation intervals. No 
significant differences in mount latency 
and ejaculation latency 

Feng et al. 
(2003) 

pERK1 levels 3-4 months CMI lower in frontal cortex and 
hippocampus, no differences in other 
brain regions 

pERK2 levels CMI lower in frontal cortex but not 
hippocampus 

ERK1 levels No effect of CMI 

ERK2 levels Significant difference between groups, 
but upon further investigation, could not 
be attributed to frontal cortex and 
hippocampus specifically 

pERK1/ERK1 ratio Lower in CMI in frontal cortex but not 
hippocampus pERK2/ERK2 ratio 

PP1 levels CMI higher in frontal cortex and 
hippocampus 

MKP-2 levels No effect of CMI in frontal cortex or 
hippocampus  

Wistar rat CMI 15mg/kg s.c. Twice a day, 
PND8-21 

Saline Forced swim  test 4-5 months CMI had longer immobility time Bonilla-Jaime 

et al. (2003a) Corticosterone levels 
following cold water 
immersion stress 

Similar in CMI and CON without stress, 
increased in both stressed groups, but 
increase not as high in CMI as CON 



                                Appendices 

274 
 

      Testosterone levels 
following cold water 
immersion stress 

 Similar in CMI and CON  without stress, 
lowered in both stressed groups  

 

Wistar rat CMI 20mg/kg s.c. PND1-21 Saline Body weight PND1-21 CMI lower from PND8-21 de Souza et al. 
(2004) Latero-lateral head axis PND1-21 CMI  had reductions in growth from 

PND8-21 
Rostro-caudal head axis PND1-21 CMI had reductions in growth from 

PND9-21 
Antero-posterior body 
axis 

PND1-21 CMI had reductions in growth from 
PND6-21 

Ear unfolding PND2-3 No effects of CMI 

Auditory conduit 
opening 

PND11-14 

Incisor eruption PND8-14 

Eye opening PND12-15 

Righting PND2-9 

Free-fall righting PND12-17 

Negative geotaxis PND9-15 

Cliff avoidance PND8-14 

Auditory startle 
response 

PND11-15 

Vibrissa placing PND6-14 

Wistar rat CIT 5, 10 or 
20mg/kg 

s.c. PND1-21 Saline Auditory conduit 
opening 

Until achieved Delayed in 5 and 20mg/kg CIT Deiro et al. 
(2004) 

Incisor eruption Delayed in all CIT doses 

Eye opening No effects of any dose of CIT 

Ear unfolding No effects of any dose of CIT 

Tail length PND1-21 20mg/kg CIT reduced from PND8-21 

Antero-posterior head 
axis 

5mg/kg CIT increased from PND12-21, 
20mg/kg CIT reduced from PND13-21 

Mediolateral head axis 10mg/kg CIT reduced from PND11-21, 
20mg/kg CIT reduced from PND6-21 

Body weight 10mg/kg CIT reduced from PND10-21, 
20mg/kg CIT reduced from PND6-21 

5-HTT+/+, +/- 
and -/- mouse 

FLX 10mg/kg i.p. PND4-21 Saline Open field From 12 
weeks 

Exploratory behaviour (total distance 
travelled, time spent ambulating and 
rearing) decreased in FLX 5-HTT+/+ and 
5-HTT+/- compared with respective CON 

Ansorge et al. 
(2004) 
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      Elevated plus maze  FLX decreased number of arm entries in 
5-HTT+/+ and 5-HTT+/- 

 

Home cage activity No effect of FLX in any genetic variation 

Novelty-suppressed 
feeding 

FLX increased latency to feed in 5-
HTT+/- but not 5-HTT+/+ 

Shock avoidance Impaired in FLX 5-HTT+/+ and 5-
HTT+/- compared with respective CON 

Sprague 
Dawley rat 

PXT 5mg/kg s.c. Twice a day, 
PND0-8 

Saline Brain weight PND8 No effect of PXT Xu et al. 
(2004) Body weight PXT reduced body weight 

5-HT immunostaining Uptake of 5-HT into thalamocortical 
fibres blocked by PXT, resulting in 
reduction in 5-HT immunostaining fine 
fibre vibrissae-related pattern 

Cortical posteromedial 
barrel subfield 
(PMBSF) 

Thalamocortical fibre patches 
desegregated in patches of cortical 
posteromedial barrel subfield (PMBSF) in 
PXT. Overall area of PMBSF reduced by 
PXT, but no effects on total line length. 
Sum of areas and cross-sectional areas of 
thalamocortical fibres of individual 
patches of PMBSF decreased by PXT. No 
effect of PXT on distance between 
thalamocortical patches between arcs 
corresponding to different barrels, except 
C4 and D4- decreased in PXT 

Wistar rat CMI 15mg/kg s.c. Twice a day, 
PND8-21 

Saline Baseline forced swim 
test 

Adulthood CMI had increased immobility and 
decreased swimming 

Vazquez-
Palacios et 

al. (2005) Acute FLX forced swim 
test 

No effects of FLX in CMI or CON 

Subchronic FLX forced 
swim test 

FLX decreased immobility and increased 
swimming in both CMI and CON 

Chronic FLX forced 
swim test 

FLX decreased immobility and increased 
swimming in both CMI and CON 

Postchronic FLX 
withdrawal forced swim 
test 

No effects of FLX in CMI or CON 
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Long Evans rat CIT, 
8-OH-
DPAT 
CGS-
12066
B 

5mg/kg 
CIT, 
0.25mg/kg 
DPAT, 
5mg/kg 
CGS 

s.c. Twice a day, 
PND8-21 

Saline Sexual behaviour PND90-104 CIT had lower sexual activity (lower 
mounting and intromission behaviour). 
DPAT had no effects. CGS had lower 
sexual activity (lower mounting and 
intromission behaviour, ejaculation 
results non-significant) 

Maciag et 

al. (2006a) 

Long Evans rat CIT 5mg/kg s.c. Twice a day, 
PND8-21 

Saline Reversal with 20mg/kg 
IMI 

PND42 
onwards 

Reversal of neonatal CIT effects (see 
below) 

Maciag et 

al. (2006c) 
Locomotor activity PND60 CIT had higher locomotor activity, 

reversed by adult IMI  

Sexual behaviour PND90 CIT had lower sexual activity (lower 
mounting, ejaculations and intromission 
behaviour), all reversed by adult IMI, 
which also impaired mounting behaviour 
in neonatal CON 

Long Evans rat CIT or 
CMI 

5mg/kg 
CIT, 
15mg/kg 
CMI 

s.c. Twice a day, 
PND8-21 

Saline Body weight PND42+ CMI had lower body weight, CIT did not Maciag et 

al. (2006b) Locomotor activity PND60+ Both CIT and CMI had higher locomotor 
activity 

Sexual behaviour PND90 CIT had lower sexual activity (lower 
mounting, ejaculations and intromission 
behaviour), CMI had lower mounting 

      TPH immunoreactivity PND22, 130 Decreased in dorsal and medial raphe in 
CIT and CMI at PND22 and in CIT at 
PND130 

 

      SERT immunoreactivity PND22, 130 Decreased in medial prefrontal cortex and 
primary somatosenosry cortex in CIT at 
PND22 and PND130; CMI effects were 
non-significant  

 

Wistar rat CMI 15mg/kg s.c. Twice a day, 
PND2-14 

Saline Body weight PND8, 85 No effect of CMI at PND8 (start of 
dosing), decreased at PND85 

Cassano et 

al. (2006) 
Elevated plus maze PND90 CMI spent more time in open arms 

Morris water maze PND90 CMI spent more time in water before 
finding platform 

Sucrose consumption PND90 CMI consumed less sucrose 

BDNF levels Adulthood CMI had decrease in BDNF  

COX-2 mRNA 
expression 

Adulthood Increased in hippocampus of CMI 
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      COX-2 cDNA 
expression 

Adulthood Increased in hippocampus of CMI  

Positive COX-2 cells Adulthood Increased in hippocampus and entorhinal 
cortex of CMI 

Food and water 
consumption 

PND85 Lower in CMI  

Social behaviour PND90 CMI more likely to have social isolation, 
decreased locomotor activity and 
indifference towards novelty 

Sexual behaviour PND90 CMI had tendency towards loss of sexual 
interest 

Wistar rat CMI 15mg/kg s.c. Twice a day, 
PND8-21 

Untreated FST PND89-90 CMI had longer immobility times Bhagya et 

al. (2008) Saline Sucrose consumption Not given CMI had lower sucrose preference 

Radial arm maze Not given CMI had lower % correct choice from 
trial blocks 5-8 and failed to reach 
criterion of 80% correct choice after 16 
days of training. CMI rats had higher 
reference memory errors in trial block 8, 
no effects on working memory errors 

Long Evans rat CMI 20mg/kg s.c. Twice a day, 
PND8-21 

Saline Forced swim test 4 months CMI had higher immobility in first and 
second exposure 

Feng et al. 
(2008) 

Brain orexin A levels 35 days CMI reduced in pons, hypothalamus and 
frontal cortex 

Brain orexin B levels 35 days CMI lower in lateral hypothalamic area, 
septum, thalamus, amygdala and frontal 
cortex 

Brain orexin A and B 
levels 

3-4 months CMI higher in hypothalamus for both 

Wistar rat CIT 5 or 
10mg/kg 

s.c. PND1-21 Saline Body weight PND1, 3, 7, 
14, 21 

CIT 5mg/kg lower from PND14-21, CIT 
10mg/kg lower from PND7-21 

Deiro et al. 
(2008) 

Palmar grasp PND1-21 Both CIT groups reached criterion at later 
PND 

Surface righting CIT 10mg/kg reached criterion at later 
PND 

Free-fall righting Both CIT groups reached criterion at later 
PND 
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      Negative geotaxis  Delayed in 5mg/kg group and in 10mg/kg 
group when compared with 5mg/kg  

 

Cliff avoidance No effect of either dose of CIT 

Auditory startle 
response 

CIT 10mg/kg reached criterion at later 
PND 

Vibrissa placing Both CIT groups reached criterion at later 
PND 

Wistar rat FLX 10mg/kg s.c. PND1-21 Saline Elevated plus maze, 
either with or without 
footshock 

PND90 FLX had less closed arm entries, less total 
entries, only after footshock, no effect on 
open arm entries 

Ribas et al. 
(2008) 

Wistar rat FLX 10mg/kg s.c. PND1-21 (half 
of rats had 
normal 
nourishment, 
half were 
malnourised) 

Saline Body weight PND1, 10, 20, 
30, 71 

Drug main effects on PND10, 20 and 30, 
with FLX lower. Drug * diet interaction 
on PND20 with FLX lower in nourised 
and malnourised groups 

Toscano et 

al. (2008) 

Heart weight PND30 or 71 Drug main effect on PND30, with FLX 
lower but no effects on PND71 

Heart:Body weight ratio PND30 or 71 No effect of FLX at either age 

Cross-sectional heart 
area 

PND30 or 71 Drug main effect on PND30, with FLX 
lower but no effects on PND71 

Cross-sectional heart 
perimeter 

PND30 or 71 No effect of FLX at any age 

Cross-sectional cardiac 
cell area 

PND30 or 71 Drug main effect on PND30, with FLX 
lower but no effects on PND71 

Cross-sectional cardiac 
cell perimeter 

PND30 or 71 

Wistar rat CMI 40mg/kg i.p. PND8-21 Not given Forced swim test Adulthood CMI increased immobility and decreased 
climbing 

Yang et al. 
(2008) 

Forced swim test 
following lateral 
habenula lesion 

Lesion decreased immobility and 
increased climbing in CMI , no effects of 
sham lesion or lesion in CON 

Extracellular 5-HT in 
dorsal raphe nucleus 

5-HT decreased in CMI intact and sham-
lesioned, partially attenuated by lateral 
habenula lesion 
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      Extracellular 5-HT in 
dorsal raphe nucleus 
following lidocaine and 
glutamate injections 
into lateral habenula 

 Increased following lidocaine and 
decreased following glutamate in CMI, 
no effects of lidocaine in CON, but 
decrease following glutamate. No effects 
of vehicle in either group 

 

5-HTT+/+ and 
+/- mouse 

FLX, 
DMI, 
CIT or 
CMI 

All 10mg/kg 
except CMI 
20mg/kg 

i.p. PND4-21 Saline Open field Adulthood Total ambulatory time, peripheral 
ambulatory time and vertical activity 
reduced by FLX and CMI, latter also 
reduced by CIT, no effects of DMI or of 
any drugs on central ambulatory time 

Ansorge et 

al. (2008) 

Elevated plus maze Total arm entries decreased in FLX, CMI 
and CIT, no effect of DMI. No effect of 
any drug on centre time or open arm time 

Novelty-suppressed 
feeding 

Latency to feed increased in FLX and 
CMI, no effects of CIT or DMI 

Novelty-induced 
hypophagia 

Latency to feed increased in FLX, CMI 
and CIT but not DMI. % inhibition of 
sweetened milk consumed in novel 
situation increased in FLX and CMI, but 
not CIT or DMI 

Shock avoidance Latency to escape increased in FLX, CMI 
and CIT, but not DMI 

Ontogeny of FLX open 
field behaviour 

2, 3, 16 
months 

No effects of FLX at 2 months. Total 
ambulatory activity, total vertical activity 
and total ambulatory time in the periphery 
but not centre decreased in FLX at 3 
months. Total ambulatory activity and 
total ambulatory time in the periphery and 
centre decreased in FLX at 16 months, 
trend towards decrease in total vertical 
activity 

Lewis rat CMI 30mg/kg s.c. PND8-21 No 
treatment 

Body weight PND8, 11, 14, 
17, 21, 150, 
152, 154, 186, 
188, 190 

CMI lower on PND17, 21, 152 and 190 Soletti et al. 
(2009) 

Open field PND120-150 CMI had higher total explored sectors, 
total peripheral sectors and standings 

Sexual behaviour PND150-190 No effect of CMI 
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      Alveolar bone loss 
following ligature-
induced peridontitis 

PND190 No effect of CMI  

Wistar rat FLX 10mg/kg s.c. PND0-6 Saline Body weight PND0-28 FLX reduced from PND7-21, not at 
PND28 

Lee (2009) 

Hot plate PND30-35 FLX had longer latency to lick paw 

Gap crossing FLX had reduced maximum crossable 
distance compared with controls, FLX 
were similar to whisker-cut animals 

Open field Total ambulation counts, ambulation 
counts in centre of arena and rearing 
counts reduced in FLX 

DiI-labelled 
thalamocortical afferent 
axons 

PND7  No difference in arbors, but FLX had 
fewer branches and reduced numbers of 
terminal tips 

Layer IV spiny stellate 
cell dendritic arbors 

FLX had smaller dendritic field and 
smaller total length, reduced complexity 
and fewer terminal endings 

Layer IV spiny stellate 
cell dendritic spines 

Spine density in 2nd-4th dendritic orders 
was reduced in FLX, no difference in 
primary dendrites  

Dendritic spine 
morphology 

Mushroom-type and branched-type spine 
length increased in FLX, no effects on 
stubby or thin spines 

C57BL/6J 
mouse 

FLX 10mg/kg i.p. PND4-21 Saline Body weight PND21, 90 Reduced in FLX at both days Karpova et 

al. (2009) Light-dark box From 
PND110 

FLX had decreased rearing, increased 
immobility and a tendency towards 
increased time to enter the dark 
compartment 

Open field FLX had increased immobility in the 
central area and decreased rearing 

Forced swim test FLX had decreased immobility time and a 
tendency towards increased latency to 
immobility 
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      BDNF IV, total BDNF, 
TrkB full length (FL) 
and TrkB truncated T1 
isoform mRNA 

PND4, 21 and 
adulthood 

In female pups, decrease in total BDNF, 
TrkB T1 and TrkB FL mRNA levels at 
PND9, decrease in BDNF IV, total BDNF 
and TrkB FL mRNA and ratio of TrkB 
FL over T1 at PND14, no differences at 
PND21. In adult males, BDNF IV and 
ratio of TrkB FL over T1 increased, 
normalised by chronic FLX 

 

Sprague 
Dawley rat 

CMI 
(some 
reared 
singly
) 

22.5mg/kg s.c. Twice a day, 
PND8-21 

Saline Body weight PND8-49 Reduced in CMI compared with 
respective housing-condition CON 

Kuramochi 
et al. (2009) 

Open field PND49 No effects of CMI on ambulation, 
grooming or excretions, overall decrease 
in rearing 

Forced swim test PND56-57, 
65-66 

No effect of CMI  

5-HT axon density 1 week after 
behaviour 

No effect of CMI  

DBH axon density No effect of CMI  

Sprague 
Dawley rat 

CMI 15mg/kg i.p. Twice a day, 
PND9-16 

Saline Elevated plus maze From PND85 CMI spent more time in closed arms Andersen et 

al. (2010) Marble burying CMI defensively buried more marbles  

Spontaneous alternation CMI failed to show spontaneous 
alternation 

Reversal learning CMI needed more trials to reach criterion  

Win-shift paradigm CMI required more days to learn the task. 
Once task was learned, CMI made more 
errors, and took longer for each arm 
choice 

Hoarding CMI hoarded a higher number of food 
pellets 

5-HT receptor 
expression 

CMI had increased mRNA expression for 
5-HT2C in the orbital frontal cortex and 
D2 receptors in the striatum, no 
differences seen for either in medial 
prefrontal cortex. No effects of CMI on 
mRNA expression of 5-HT1A or 5-HT1D 
receptors in orbital frontal cortex 

Wistar rat FLX 10mg/kg s.c. PND1-21 Saline Body weight PND1 and 21 FLX lower at PND21 Silva et al. 
(2010) Raphe 5-HT neuron 

number 
2 months FLX had lower numbers of neurons in the 

dorsal raphe, but not median raphe 
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      Raphe 5-HT neuron 
area 

 FLX had decreased area in both dorsal 
and median raphe nuclei  

 

Raphe 5-HT neuron 
diameter 

Maximum, median and minimum 
diameter reduced in median raphe, just 
maximum and minimum reduced in 
dorsal raphe of FLX 

Dentate gyrus 5-HT 
terminals 

FLX had less terminals  

Long Evans rat CIT 2.5, 5 or 
10mg/kg 

s.c. Twice a day, 
PND8-21 

Saline SERT immunoreactivity 
with 10mg/kg CIT 
alone 

Over PND100 Decreased in dorsal and ventral 
hippocampus, but not ventrobasal nucleus 
or significantly in caudate-putamen in 
CIT  

Weaver et 

al. (2010) 

SERT immunoreactivity 
with different CIT doses 

Dose-dependent decrease in 
immunoreactive fibres, in dorsal and 
ventral hippocampus, but not ventrobasal 
nucleus or caudate putamen- only highest 
dose of CIT reached significance 

SERT immunoreactive 
fibre thickness 

Thick fibres more prevalent following 5 
and 10mg/kg, but not 2.5mg/kg CIT 

Wistar rat CMI, 
with 
vehicl
e or 
EsCIT 
in 
adulth
ood 

15mg/kg s.c. Twice a day, 
PND8-21 

Saline Forced swim test PND89-90 Immobility increased in CMI, reduced by 
adult EsCIT  

Bhagya et 

al. (2011) 

Sucrose consumption PND90 Sucrose preference decreased in CMI 
animals, restored by adult EsCIT 
treatment 

Radial arm maze Learning, reference memory and retention 
impaired in CMI, all restored by EsCIT. 
No effect of CMI on working memory 

Monoamine levels 5-HT, NA and DA levels reduced in 
hippocampus, frontal cortex, 
hypothalamus, striatum and brainstem of 
CMI, all restored by adult EsCIT except 
DA in the hypothalamus (reduced further) 
and brainstem (increased to above CON) 

AChE activity AChE activity decreased in hippocampus 
and frontal cortex, but not septum of 
CMI, decreases restored by adult EsCIT  
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      Basal synaptic 
transmission in CA1 

 No effect of CMI on basal synaptic 
transmission in CA1. PPF (paired-pulse 
facilitation) ratio increased in CMI, 
restored to normal levels by adult EsCIT 

 

LTP in hippocampal 
slices 

Magnitude elicited by high frequency 
stimulation diminished in CMI, restored 
by adult EsCIT 

Long Evans rat CIT, 
FLX 
or 
BUP 

10, 5 and 
15mg/kg 
respectively 

s.c. Twice a day, 
PND8-21 

Saline Locomotor response to 
tone 

PND25 In males, immobility increased for tone 
duration in CON, but lasted longer in 
CIT, FLX and BUP. In females, 
immobility was only present after tone 
stopped in all groups, except BUP, which 
was present for tone also 

Rodriguez-
Porcel et al. 
(2011) 

      Novel object approach PND39  All rats spent more time in novel area 
compared with baseline. In males only, 
CIT, FLX and BUP spent less time than 
CON in this area 

 

      Juvenile play behaviour PND32-34 Play behaviours and ambulation reduced 
in all drug treated males, no definitive 
patterns in females 

 

      Object-conspecific 
preference 

PND78, 101 All drug groups displayed lower ratio of 
conspecific/ object contacts at both ages 

 

      Male sexual behaviour 
(responses to sexual and 
nonsexual female 
behaviour) 

PND153-184 CIT disrupted responses to both 
presenting and lordosis, FLX disrupted 
responses to lordosis; BUP had no 
effects. No drug effects on response to 
nonsexual female behaviour 

 

Long Evans rat CIT 10mg/kg s.c. Twice a day, 
PND1-10 

Saline Locus coeruleus neuron 
firing 

Over PND90 CIT males  had increased spontaneous 
firing rate and hyperexcitability in 
response to tail pinch, no effects in 
females 

Darling et 

al. (2011) 

      Locus coeruleus 
tyrosine hydroxylase 
immunoreactivity 

 Male CIT had increased immunostaining 
intensity. No effects on immunostaining 
density 

 

      Cortical tyrosine 
hydroxylase 
immunoreactivity 

 CIT increased noradrenergic tyrosine 
hydroxylase positive fibre density in 
males 
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Rat (strain not 
given) 

CIT 10mg/kg s.c. Twice a day, 
PND8-21 

Saline Locomotor response to 
tone 

PND25 CIT males had increased freezing 
response to tone 

Simpson et 

al. (2011) 

     Juvenile play behaviour PND32-34 Male CIT less likely to engage in play 
behaviours  

 

     Novel object reponse PND39 Novel object exploration reduced in male 
CIT  

 

     Object-conspecific 
preference 

PND30-40 
and 60+ 

CIT had lower ratio of conspecific/object 
contacts at both ages  

 

    Twice a day, 
PND1-7 or 
PND8-21 

 Cortical SERT fibre 
density and morphology 

Adulthood Density reduced after CIT in 
hippocampus, medial prefrontal cortex, 
primary somatosensory cortex and 
auditory cortex. Morphology changed to a 
studded appearance in latter two areas 

 

      TPH immuno-
histochemistry 

 CIT had reductions in labelling along 
raphe midline in dorsomedial and 
ventromedial regions of the dorsal raphe 
nucleus as well as in the median raphe 
nucleus 

 

      Callosal myelin sheath 
formation by 
oligodendrocytes 

 CIT (20mg/kg) had higher number of 
abnormal callosal axons, with hypo- and 
hypermyelination; more profound 
changes in males than females. Changes 
were in supragranular layer only 

 

GFP-transgenic 
mouse 

FLX 
or 
FVX 

10mg/kg for 
both 

i.p. PND4-21 Saline Body weight PND4 and 21 No drug effects at PND4, FLX, but not 
FVX reduced body weight at PND21 

Zheng et al., 
2011 

Neuronal morphology 
of apical and basal 
dendrite 

PND22 or 90 Both drugs resulted in reduced basal 
dendrite spine density, only FVX reduced 
apical dendrite spine density at PND22. 
At PND90, FLX increased apical dendrite 
spine density, both drugs increased basal 
dendrite spine density. No drug effects on 
neuronal variability 

Wild-type c57 
mouse 

Open field PND100 Both drugs reduced distance moved, only 
FLX reduced time spent moving, no drug 
effects on time in the centre of the arena 
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Wistar rat FLX 20mg/kg s.c. PND0-4 Saline Open field PND30 FLX had shorter distance travelled, 
particularly during first 5 minutes and had 
fewer entrances into both central and 
peripheral regions, with no difference in 
central-to-peripheral ratio 

Lee et al. 
(2012) 

Elevated plus maze PND31 No effect of FLX on time spent in or 
entries into open or closed arms, number 
of rears or travel distance 

Rotarod PND32-34 FLX had shorter latency to fall on an 
accelerating rotarod on first day, no 
difference between groups after training 

Cerebellar Purkinje cell 
structure 

PND35 No effect of FLX on shape, density or 
soma size 

Dendritic structure of 
striatal medium spiny 
neurons 

No effect of FLX on total dendritic length 
or complexity. FLX neurons had fewer 
spines particularly in 2nd and 3rd orders 

Layer 5 pyramidal 
neuron basilar dendrites 
in primary motor cortex 

No effect of FLX on number of primary 
basilar dendrites. FLX had less 
bifurcating nodes and terminal endings, 
shorter dendritic length, less complicated 
basilar dendrite and fewer segments in 
each dendritic order. Dendritic spine 
density was reduced in 2nd+ order of 
FLX  

Long Evans rat CIT 2.5, 5 or 
10mg/kg 

s.c. Twice a day, 
PND8-21 

Saline Body weight Daily from 
PND8-21, 
weekly from 
PND30-103 

5 and 10mg/kg CIT had lower body 
weight at PND21. From PND73-103, 
body weight reduced in 5mg/kg CIT 

Harris et al. 
(2012) 

Elevated plus maze PND90 No effect of any dose of CIT 

Sexual behaviour Over PND100 All CIT doses reduced percentage 
displaying mounting behaviour, 5 and 
10mg/kg CIT reduced mount number, 
high dose increased mount latency. No 
effects on intromission or ejaculation 
behaviour, but linear trends were seen 
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Table A5: Effects of amitriptyline (AMI) on body weight (g) during gestation (n=4-5/group). Data are mean ± standard deviation 
 
  GD7 GD8 GD9 GD10 GD11 GD12 GD13 GD14 GD15 GD16 GD17 GD18 GD19 GD20 

Control  319±10.1 326±8.2 328±10.7 331±11.8 334±7.7 337±10.9 342±8.4 347±10.6 354±10.5 362±9.4 372±11.4 383±10.9 394±10.7 402±12.6 

AMI  334±8.1 338±6.7 336±10.3 340±8.2 344±10.4 349±9 353±9.5 359±9.8 369±12 378±12.9 390±15.2 404±18 417±15.4 422±13.7 

 
Table A6: Effects of in utero exposure to amitriptyline (AMI) on birth weight (g; n=24-35/group). There was an overall drug effect. Data are 
mean ± standard deviation.  
 
    Birthweight (g) 

Male Control 5.98±0.75 

AMI 5.58±0.5 

   

Female Control 5.86±0.61 

AMI  5.35±0.64 

 
Table A7: Effects of in utero exposure to amitriptyline (AMI) on body weight (g) in the neonatal period (n=24-35/group). ** p< 0.01 and *** 
p< 0.001 vs control males, + p< 0.05 and ++ p< 0.01 vs control females. Data are median and interquartile range.  
 
    PND2 PND4 PND8 PND11 PND15 PND18 PND22 PND28 

Male Control  6.57  
(6.15-7.09) 

7.16  
(5.29-8.13) 

12.74  
(11.3-14.23) 

17.18  
(15.39-20.31) 

22.99  
(21.82-27.8) 

28.3  
(26.21-33.06) 

36.83  
(33.88-41.76) 

51.5  
(49.25-60.75) 

AMI  6.33  
(6.08-7.04) 

7.63  
(6.83-8.6) 

11.81  
(11.26-13) 

15.71  
(14.8-16.87)** 

21.38  
(20.45-22.99)** 

25.47  
(24.8-26.58)*** 

34.88 
 (33.21-36.27)** 

51  
(49-53) 

          

Female Control  6.04  
(5.74-6.47) 

6.44  
(5.47-7.32) 

12.42  
(10.93-13.53) 

16.67  
(14.64-18.21) 

22.29  
(20.73-23.96) 

27.3  
(25.46-28.96) 

35.18  
(33.49-38.72) 

52  
(50-57) 

AMI  6.31  
(5.92-6.67) 

7.7  
(6.99-8.59)++ 

11.75  
(10.45-12.92) 

15.55  
(13.99-17.17)+ 

21.57  
(19.47-22.85) 

25.19  
(23.19-27)++ 

35.11  
(32.83-37.33) 

52  
(48-55.5) 



                                Appendices 

287 
 

Table A8: Effects of in utero exposure to amitriptyline (AMI) on body weight (g) in adolescence (n=24-35/group). Data are median and 
interquartile range.   
 
    PND35 PND42 PND49 PND56 

Male Control  87 (77-105) 131 (117-156) 183 (162-214) 231 (213-270) 

AMI  83 (74-87) 125 (113-133) 171 (158-183) 222 (203-237) 

Female Control  82 (72-91) 118 (108-128) 145 (139-154) 174 (165-184) 

AMI  77 (69-86) 110 (103-128) 136 (131-152) 166 (156-179) 

 
Table A9: Effects of in utero exposure to amitriptyline (AMI) on body weight (g) in adulthood (n=8-18/group). Data are median and 
interquartile range for males; mean ± standard deviation for females.   
 
    PND63 PND70 PND77 PND84 PND91 PND98 PND105 PND112 

Male Control  269 (254-326) 311 (286-372) 348 (313-408) 386 (339-435) 385 (355-441) 419 (386-476) 425 (385-473) 455 (406-499) 

AMI  269 (255-281) 303 (295-324) 337 (325-361) 366 (350-390) 374 (370-407) 410 (395-436) 408 (405-433) 439 (432-461) 

          

Female Control  205±21 224±26 241±31.4 254±34 251±29.2 261±32.6 263±39.5 278±38.1 

AMI  198±21 221±22 242±27.7 249±28 243±27.3 274±38.2 266±37.8 281±43.7 
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Table A10: Effects of in utero exposure to amitriptyline (AMI) on entries into and time spent (s) in the open arms of the elevated plus maze (top 
rows) and percentage values of each (bottom rows) at PND28, 56, 84 or 112 (n=5-8/group). + p< 0.05 vs control females. Data are mean ± 
standard deviation 
 
    %OAE %OAT 

    PND28 PND56 PND84 PND112 PND28 PND56 PND84 PND112 

Male Control  15±6 
60±10 

20±6 
56±8 

17±5 
53±4 

18±3 
56±5 

58±27 
19±9 

73±23 
25±8 

73±22 
24±8 

91±32 
30±11 

AMI  10±4 
54±14 

17±3 
57±9 

17±8 
56±14 

17±5 
55±5 

75±31 
23±8 

82±32 
27±11 

66±34 
22±11 

87±28 
29±9 

          

Female Control  12±4 
50±12 

23±5 
64±6 

17±4 
57±10 

18±3 
55±6 

62±31 
25±10 

93±38 
31±13 

84±17 
28±6 

121±20 
40±5 

AMI  14±5 
59±6 

13±3 
49±7+ 

15±4 
53±5 

18±2 
62±5+ 

59±41 
27±8 

109±39 
36±13 

69±17 
23±6 

123±28 
41±9 

 
 
Table A11: Effects of in utero exposure to amitriptyline (AMI) on distance moved (cm) in the open field at PND28, 56, 84 or 112 (n=5-8/group). 
* p< 0.05 vs control males, + p< 0.05 vs control females. Data are mean ± standard deviation 
 
    PND28 PND56 PND84 PND112 

Male Control  1667±476 2452± 795 1820±300 2072±437 

AMI  1567±646 2179±679 1803±393 1921±418 

      

Female Control  1823±124 3219±567 2592±465* 2374±783 

AMI  1376±441 2955±504 1921±274+ 2342±446 
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Table A12: Effects of in utero exposure to amitriptyline (AMI) on path length (cm), swim speed (cm/s), time taken to find the platform (s) and 
percentage time spent in the southwest quadrant in the probe trial in the Morris water maze (n=6/group). Data are mean ± standard deviation 
 
    Path length Swim speed Time to Platform % time SW 

    Day 1 Day 2 Day 3 Day 4 Day 1 Day 2 Day 3 Day 4 Day 1 Day 2 Day 3 Day 4 

Male Control  2755±485 1470±532 870±476 800±372 41±9 33±5 29±3 28±4 92±14 48±18 30±16 29±14 31±6 

AMI  2653±835 2104±764 1594±534 997.±534 41±7 34±4 33±2 30±3 84±25 63±23 43±23 32±16 33±7 

               

Female Control  3044±610 1620±284 1137±459 728±203 44±9 34±4 33±3 29±2 91±20 48±7 36±16 27±7 28±7 

AMI  2643±759 1615±835 1023±428 719±361 43±7 35±5 31±6 30±9 85±3 47±21 32±10 23±8 39±12 

 
 
Table A13: Effects of fluoxetine (FLX) on body weight (g) during gestation (n=4-9/group).  Data are mean ± standard deviation 
 
  GD7 GD8 GD9 GD10 GD11 GD12 GD13 GD14 GD15 GD16 GD17 GD18 GD19 GD20 

Control 295±13.7 298±13.2 300±13.5 304±13.2 310±14 315±12.3 321±12.5 325±12.7 332±10.3 340±11.5 351±11.5 362±12.2 375±13.4 384±14.1 

FLX  307±13 310±13.7 314±14.8 319±13.4 326±13.6 330±16.4 340±14.7 345±18.1 356±19.9 366±22.6 382±23.2 395±22.5 403±24.8 403±21.8 
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Table A14: Effects of in utero exposure to fluoxetine (FLX) on birth weight (g; n=22-47/group). Females had lower birth weights than males. 
Data are mean ± standard deviation.  
 
    Birth weight (g) 

Male Control 6.36±0.5 

FLX  6.03±0.58 

   

Female Control 5.8±0.41 

FLX  5.7±0.5 

 
 
Table A15: Effects of in utero exposure to fluoxetine (FLX) on body weight (g) in the neonatal period (n=22-47/group). ** p< 0.01 and *** p< 
0.001 vs control males, + p< 0.05 and ++ p< 0.01 vs control females. Data are median and interquartile range.  
 
    PND2 PND4 PND8 PND11 PND15 PND18 PND22 PND28 

Male Control 6.99  
(6.56-7.56) 

8.49 
 (7.94-9.14) 

13.95  
(12.8-15.13) 

19.27  
(17.37-20.02) 

25.28  
(23.09-26.95) 

29.1  
(27.16-31.07) 

38.49  
(35.86-41.44) 

57  
(55-62) 

FLX  6.25  
(5.71-6.95)*** 

7.91  
(7.08-8.52)** 

12.99  
(11.98-14.02)** 

17.9  
(16.99-19.63) 

24.71  
(22.43-25.9) 

29.24  
(27.12-30.97) 

38.61  
(34.66-41.72) 

57.93  
(55-60) 

          

Female Control 6.52  
(6.27-6.68) 

7.86  
(7.32-8.21) 

13.26  
(12.44-14.05) 

18.75  
(16.56-19.57) 

24.67  
(22.34-26.92) 

28.66  
(26.32-31.69) 

38.99  
(34.39-41.32) 

59  
(52-61) 

FLX  6.22  
(5.45-6.53)++ 

7.52  
(6.56-7.93) + 

12.36  
(11.16-13.69) + 

17.69  
(16.14-18.45)+ 

24.27  
(22.72-24.86) 

28.17  
(26.54-29.22) 

35.8  
(33.39-39.03) 

54  
(52-59) 
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Table A16: Effects of in utero exposure to fluoxetine (FLX) on body weight (g) in adolescence (n=18-22/group). * p< 0.05 vs control males. 
Data are median and interquartile range.   
 
    PND35 PND42 PND49 PND56 

Male Control 91 (85-95) 134 (129-140) 180 (172-188) 232 (220-240) 

FLX  96 (92-101)* 142 (135-150)* 188 (176-196) 241 (230-250) 

      

Female Control 92 (86-94) 129 (125-135) 159 (147-165) 183 (175-192) 

FLX  90 (89-100) 125 (120-135) 152 (144-160) 180 (169-187) 

 
 
Table A17: Effects of in utero exposure to fluoxetine (FLX) on body weight (g) in adulthood (n=6-22/group). * p< 0.05 vs control males. Data 
are median and interquartile range from PND63-84; mean ± standard deviation from PND91-112.   
 
    PND63 PND70 PND77 PND84 PND91 PND98 PND105 PND112 

Male Control 271 (260-288) 303 (293-328) 338 (327-366) 369 (356-394) 409±21 432±18 447±25 477±29 

FLX  286 (271-308) 327 (306-353) 367 (344-394)* 398 (373-424)* 420±27 444±31 456±32 473±36 

          

Female Control 209 (203-219) 224 (220-235) 243 (234-257) 251 (244-268) 257±9 264±10 267±8 275±12 

FLX  204 (194-215) 221 (210-236) 239 (224-255) 247 (234-260) 254±17 257±15 265±16 267±13 
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Table A18: Effects of in utero exposure to fluoxetine (FLX) on entries into and time spent (s) in the open arms of the elevated plus maze (top 
rows) and percentage values of each (bottom rows) at PND28, 56, 84 or 112 (n=5-7/group). Data are mean ± standard deviation 
 
    %OAE  %OAT 

    PND28 PND56 PND84 PND112 PND28 PND56 PND84 PND112 

Male Control 22±5 
50±10 

22±6 
58±9 

22±9 
63±16 

20±7 
50±7 

69±10 
23±3 

103±35 
35±12 

83±28 
28±9 

77±24 
26±8 

FLX  16±5 
44±14 

21±4 
60±8 

20±3 
61±9 

17±3 
57±4 

74±24 
25±8 

107±41 
36±14 

77±26 
26±9 

112±34 
37±11 

          

Female Control 24±12 
56±10 

21±3 
54±8 

21±7 
56±13 

19±5 
55±6 

100±38 
33±13 

104±26 
35±8 

93±25 
31±8 

98±28 
33±9 

FLX  22±8 
49±9 

24±10 
62±9 

27±12 
59±10 

17±7 
53±11 

89±32 
30±11 

122±29 
41±10 

97±33 
33±11 

103±39 
35±13 

 
 
Table A19: Effects of in utero exposure to fluoxetine (FLX) on distance moved (cm) in the open field at PND28, 56, 84 or 112 (n=5-7/group). 
Data are mean ± standard deviation 
 
    Distance moved 

    PND28 PND56 PND84 PND112 

Male Control 1938±791 3434±916 2789±468 4034±1151 

FLX  2107±376 3109±327 2392±177 3685±1007 

      

Female Control 2239±330 3294±763 3243±525 4733±1369 

FLX  1741±545 3882±129 3153±403 3678±711 
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Table A20: Effects of in utero exposure to fluoxetine (FLX) on path length (cm), swim speed (cm/s), time taken to find the platform (s) and 
percentage time spent in the southwest quadrant in the probe trial in the Morris water maze (n=6/group). *** p< 0.001 control females vs control 
males. Data are mean ± standard deviation 
 
    Path length Swim speed Time to Platform % time 

SW 
    Day 1 Day 2 Day 3 Day 4 Day 1 Day 2 Day 3 Day 4 Day 1 Day 2 Day 3 Day 4 

Male Control 2582± 412 2123±1059 1250±559 1254±636 29±4 28±3 29±5 29±3 91±17 71±32 42±17 41±18 29±7 

FLX  2476± 522 1426±714 1945±384 1303±160 32±2 30±2 31±1 32±3 81±18 46±23 63±11 41±7 34±7 

               

Female Control 2532± 383 1831±531 2243±504*** 1501±718 31±3 30±2 32±3 30±5 82±16 59±17 69±16*** 48±19 28±7 

FLX  2740± 353 2398±478 1627±694 1060±420 33±4 35±5 34±5 33±5 87±12 70±14 48±19 32±12 32±10 

 
Table A21: Effects of amitriptyline (AMI) on body weight (g) during gestation (n=15-16/group). Data are mean ± standard deviation 
 
  GD7 GD8 GD9 GD10 GD11 GD12 GD13 GD14 GD15 GD16 GD17 GD18 GD19 GD20 

Control  292±15.4 297±16.4 301±15 308±17.6 315±17.3 320±17.5 326±17.7 332±18 340±18.6 350±19 363±19.8 377±20.8 378±20.5 396±19.5 

AMI  290±14.6 294±14.2 299±15.5 303±16.3 310±16.5 317±17.3 323±16.9 329±16.2 337±17.6 347±17.5 369±18.4 373±18.3 385±20 392±19.6 

 
Table A22: Effects of in utero exposure to amitriptyline (AMI) on birth weight (g; n=74-99/group). There were overall sex and drug effects. 
Data are mean ± standard deviation.  
 
    Birthweight (g) 

Male Control 6.13±0.61 

AMI  6.01±0.45 

Female Control  5.82±0.55 

AMI  5.67±0.5 
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Table A23: Effects of in utero and/or neonatal exposure to amitriptyline (AMI) on body weight (g) in the neonatal period (n=32-52/group). Data 
are median and interquartile range. 
 
    PND2 PND4 PND8 PND11 PND15 PND18 PND21 PND28 

Male V/V 6.56  
(6.18-6.92) 

7.64  
(7.39-8.34) 

11.81  
(10.98-13.36) 

15.65  
(14.16-17.23) 

21.06  
(19.77-23.89) 

25.09  
(22.89-27.77) 

30.83  
(28.54-27.58) 

53  
(50-56) 

V/A 6.27  
(5.88-6.84) 

7.59  
(6.92-8.3) 

12.43 
(11.03-13.1) 

16.65  
(14.39-17.92) 

22.14  
(19-24.74) 

26.42  
(23.02-28.28) 

30.77  
(26.89-34.04) 

49  
(44.25-56.75) 

 A/V 6.38  
(6.1-6.7) 

7.76  
(7.45-8.31) 

12.11  
(10.86-13.31) 

16.16  
(15.09-17.44) 

21.7  
(20.34-24.19) 

25.51  
(24.17-27.46) 

30.99  
(29.44-34.79) 

52 
(48.25-55) 

 A/A 6.57  
(6.18-7.02) 

7.78  
(7.09-8.82) 

12.7  
(11.32-13.88) 

17.23  
(15.85-18.36) 

23.19  
(21.69-24) 

27.13  
(24.76-28.21) 

33.33 
(30.44-34.66) 

54.5  
(52-59) 

          

Female V/V 6.27  
(5.79-6.59) 

7.26  
(6.81-7.87) 

10.96  
(10.43-12.61) 

15.22  
(13.67-16.59) 

20.18  
(18.9-22.93) 

24.36  
(21.88-26.91) 

29.73  
(27.05-33.6) 

49  
(46-53) 

V/A 5.93  
(5.52-6.47) 

7.44  
(6.47-7.74) 

12.11  
(10.39-12.58) 

15.93  
(13.86-16.94) 

21.77  
(19.42-23.73) 

25.47  
(22.49-27.29) 

30.44  
(25.97-31.84) 

51  
(47-57.75) 

 A/V 6.11  
(5.69-6.43) 

7.39  
(6.86-8.08) 

11.47  
(10.16-12.36) 

15.79  
(14.33-16.61) 

21.74  
(19.86-23.18) 

25.09  
(22.99-26.43) 

30.58  
(28.3-32.59) 

52 
(45-56) 

 A/A 6.15  
(5.73-6.7) 

7.5  
(6.66-8.47) 

11.69  
(10.12-13.65) 

16.6  
(14.39-18.37) 

22.12  
(19.53-24.19) 

25.44  
(22.42-27.95) 

31.54 
(27.11-35.71) 

52  
(45-60) 
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Table A24: Effects of in utero and/or neonatal exposure to amitriptyline (AMI) on body weight (g) in adolescence (n=18/group). Data are mean 
± standard deviation.   
 
    PND35 PND42 PND49 PND56 

Male V/V 92±13 146±19 202±22 252±25 

V/A 85±17 135±27 189±32 242±37 

 A/V 89±15 142±22 198±28 252±31 

 A/A 89±16 138±26 192±33 240±36 

      

Female V/V 85±12 122±14 153±15 180±17 

V/A 83±16 121±19 154±19 181±22 

 A/V 83±14 122±18 151±17 178±18 

 A/A 84±16 119±18 151±18 178±21 

 
Table A25: Effects of in utero and/or neonatal exposure to amitriptyline (AMI) on body weight (g) in adulthood (n=6-12/group). Data are mean 
± standard deviation.   
 
    PND63 PND70 PND84 PND91 PND98 PND105 PND112 

Male V/V 286±29 328±33 382±35 420±37 450±40 459±46 486±50 

V/A 283±39 330±40 393±41 416±36 438±34 455±42 464±37 

 A/V 285±26 329±30 383±32 403±44 424±49 439±51 468±57 

 A/A 282±36 326±38 383±41 406±42 436±44 450±40 473±40 

         

Female V/V 196±17 217±16 242±17 255±18 269±19 268±20 281±16 

V/A 204±22 228±25 251±22 264±18 269±23 272±21 287±26 

 A/V 194±15 216±20 238±20 251±26 262±24 267±26 289±30 

 A/A 197±24 221±27 245±28 274±22 286±21 287±20 299±26 
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Table A26: Effects of in utero and/or neonatal exposure to amitriptyline (AMI) on entries into and time spent (s) in the open arms of the 
elevated plus maze (top rows) and percentage values of each (bottom rows) at PND28, 56, 84 or 112 (n=6/group). There was an overall drug 
effect for %OAE with A/V lower than all other groups. Data are mean ± standard deviation 
 
    %OAE %OAT 

    PND28 PND56 PND84 PND112 PND28 PND56 PND84 PND112 

Male V/V 21±7 
57±15 

19±4 
54±10 

27±5 
68±9 

18±2 
60±6 

86±36 
29±12 

98±45 
33±15 

131±25 
44±9 

117±36 
39±12 

V/A 21±7 
57±9 

18±5 
54±8 

23±7 
59±9 

14±3 
55±14 

84±38 
28±13 

67±26 
22±9 

86±43 
29±14 

73±51 
24±17 

 A/V 24±7 
57±11 

18±4 
55±5 

23±12 
66±9 

12±6 
52±6 

86±17 
29±6 

70±32 
23±11 

103±60 
35±20 

118±70 
39±24 

 A/A 25±9 
61±10 

14±4 
48±9 

24±9 
61±7 

15±8 
57±17 

85±39 
28±13 

79±42 
26±14 

103±29 
34±10 

95±38 
32±12 

          

Female V/V 15±3 
50±12 

17±3 
56±6 

22±7 
62±6 

20±5 
59±5 

87±32 
29±11 

94±33 
32±11 

112±24 
37±8 

108±43 
36±14 

V/A 21±8 
58±11 

23±5 
62±9 

22±4 
57±6 

22±4 
62±3 

93±24 
31±8 

101±46 
34±15 

97±43 
32±14 

124±43 
41±14 

 A/V 22±13 
52±19 

18±5 
54±6 

18±2 
51±8 

13±4 
46±10 

108±23 
36±8 

88±22 
29±7 

93±16 
31±6 

83±51 
28±17 

 A/A 18±4 
48±10 

19±3 
54±5 

31±9 
65±10 

20±4 
59±8 

77±39 
26±13 

100±21 
33±7 

118±29 
39±10 

122±26 
41±9 
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Table A27: Effects of in utero and/or neonatal exposure to amitriptyline (AMI) on distance moved (cm) in the open field at PND28, 56, 84 or 
112 (n=6/group). Females had higher distance moved than males at PND84 and 112. Data are mean ± standard deviation 
 
    Distance moved 

    PND28 PND56 PND84 PND112 

Male V/V 2220±603 2546±461 2176±362 2113±418 

V/A 2216±434 2278±681 2175±369 1969±417 

 A/V 2221±285 2354±398 2152±490 1947±1052 

 A/A 2059±369 2269±808 2425±222 1931±642 

      

Female V/V 1931±669 2411±476 2555±526 2727±581 

V/A 2066±535 2384±446 2580±420 2365±870 

 A/V 2447±590 2246±375 2525±293 1971±841 

 A/A 2160±292 3072±467 2388±408 2787±997 
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Table A28: Effects of in utero and/or neonatal exposure to amitriptyline (AMI) on time taken to find the platform (s) in the Morris water maze 
(n=6/group). Data are mean ± standard deviation 
 
    Time to Platform 

    Day 1 Day 2 Day 3 Day 4 

Male V/V 80±33 41±18 43±17 36±20 

V/A 73±34 55±21 22±13 24±7 

 A/V 80±36 71±34 48±31 50±27 

 A/A 76±31 41±15 28±16 23±13 

      

Female V/V 81±14 43±9 39±21 42±10 

V/A 87±36 44±14 43±20 21±8 

 A/V 80±14 44±13 32±8 28±14 

 A/A 85±25 54±25 49±21 34±11 

 
Table A29: Effects of fluoxetine (FLX) on body weight (g) during gestation (n=13-15/group). Data are mean ± standard deviation 
 
  GD7 GD8 GD9 GD10 GD11 GD12 GD13 GD14 GD15 GD16 GD17 GD18 GD19 GD20 

Control  306±16.7 311±15.7 315±16 322±18.5 328±18.9 333±19.1 338±18.8 343±21.3 352±20.8 364±23.7 377±26.2 389±26.6 401±29.4 411±29.6 

FLX  305±14.5 307±14.7 310±13.2 317±13.9 325±15.4 331±15.8 336±16.5 343±16.8 352±19.1 361±19.2 374±19.2 387±19.9 400±21.5 406±22.4 
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Table A30: Effects of in utero exposure to fluoxetine (FLX) on birth weight (g; n=63-83/group). There were overall sex and drug effects. Data 
are mean ± standard deviation.  
 
    Birthweight (g) 

Male Control 6.36±0.6 

FLX 6.19±0.56 

   

Female Control 6.17±0.48 

FLX 5.79±0.63 

 
Table A31: Effects of in utero exposure to fluoxetine (FLX) on body weight (g) in the neonatal period (n=18-50/group). ** p< 0.01 vs V/V 
males, ++ p< 0.01 and +++ p≤0.001 vs V/V females. Data are median and interquartile range.  
 
    PND2 PND4 PND8 PND11 PND15 PND18 PND22 PND28 

Male V/V 6.89  
(6.66-7.23) 

8.17  
(7.45-8.84) 

13.37  
(11.51-14.26) 

17.28  
(15.6-18.7) 

24.12  
(20.67-25.45) 

27.58  
(24.16-29.07) 

36.7  
(30.8-38.18) 

55  
(50-58.25) 

V/F 6.45  
(5.89-7.29) 

7.96  
(7.45-9.32) 

13.05 
 (11.57-15.11) 

18.74  
(16.72-20.24) 

25.45  
(23.78-27.15) 

29.98  
(26.79-31.48) ** 

39.46  
(35.56-42.57) ** 

52  
(50-58.5) 

 

 

F/V 6.57  
(6.2-6.96) 

8.3 
 (7.53-8.96) 

13.99 
 (12.77-15.03) 

18.97  
(17.44-20.14) 

25.65  
(23.71-26.82) 

29.9  
(27.37-30.85) ** 

38.84 
(36.37-40.43) ** 

56 
(54.75-60) 

F/F 6.53  
(6.15-7.02) 

8.4  
(7.68-9.16) 

13.2 
 (12.64-15.11) 

18.29  
(16.95-20.49) 

23.97  
(22.46-27.31) 

27.62  
(25.59-30.48) 

36.23  
(33.37-40.5) 

55  
(47.75-62) 

          

Female V/V 6.87 
(6.3-7.16) 

8.28  
(7.82-8.97) 

13.08 
(11.69-14.47) 

17.71  
(15.95-19.18) 

23.31 
(21.44-24.75) 

26.81  
(25.38-28.5) 

36.8  
(33.49-39.33) 

52  
(48.75-58.25) 

 V/F 6.97 
(6.17-7.17) 

8.66 
(7.59-9.12) 

13.64  
(12.12-13.58) 

18.82  
(17.08-19.49) 

25.53  
(23.3-26.68) 

29.84 
(26.38-31.97)++ 

40.58  
(36.58-42.73)+++ 

57 
(53.75-60.25) 

 F/V 6.21  
(5.71-6.55)+++ 

7.87 
(7.22-8.2) +++ 

12.95 
(12.13-13.58) 

17.67  
(16.52-19.07) 

24.17 
(22.22-25.91) 

27.68 
(25.91-29.91) 

36.48 
(34.57-38.94) 

55 
(51.5-57) 

 F/F 6.48 
(5.91-7.06) 

8.1  
(7.36-9.14) 

13.15 
(11.65-14.91) 

17.87  
(16.02-19.61) 

22.7 
(20.98-25.65) 

26.36 
(23.44-30.26) 

34.88 
(31.78-39.95) 

52.5 
(43-57.5) 
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Table A32: Effects of in utero exposure to fluoxetine (FLX) on body weight (g) in adolescence (n=18/group). + p< 0.05 and ++ p< 0.01 vs V/V 
females. Data are mean ± standard deviation.   
 
    PND35 PND42 PND49 PND56 

Male V/V 83±8 124±12 169±15 220±18 

V/F 77±7 121±11 168±15 224±20 

 

 

F/V 86±6 131±10 177±15 230±21 

F/F 83±11 127±13 173±14 227±16 

      

Female V/V 80±10 121±13 152±14 182±15 

 V/F 80±6 121±6 152±7 183±8 

 F/V 81±7 121±9 151±10 178±12 

 F/F 77±13 114±12 142±10+ 171±10++ 

 
Table A33: Effects of in utero exposure to fluoxetine (FLX) on body weight (g) in adulthood (n=6-12/group). + p< 0.05 vs V/V females. Data 
are mean ± standard deviation. 
 
    PND63 PND70 PND77 PND84 PND91 PND98 PND105 PND112 

Male V/V 265±20 307±23 333±29 372±31 412±21 431±24 456±26 472±27 

V/F 267±29 307±36 338±43 370±48 392±31 418±32 445±33 447±40 

 

 

F/V 273±24 313±24 342±27 375±27 401±37 423±40 450±43 459±42 

F/F 264±16 306±24 337±27 374±37 405±35 425±37 450±41 464±56 

          

Female V/V 206±17 231±19 241±18 257±24 263±26 270±28 276±31 283±33 

 V/F 207±10 226±12 240±14 253±16 259±17 270±14 277±17 281±20 

 F/V 199±15 221±17 231±19 245±20 265±18 275±20 279±19 287±20 

 F/F 193±9 214±13+ 223±16 237±19 256±19 264±20 272±25 273±25 
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Table A34: Effects of in utero and/or neonatal exposure to fluoxetine (FLX) on entries into and time spent (s) in the open arms of the elevated 
plus maze (top rows) and percentage values of each (bottom rows) at PND28, 56, 84 or 112 (n=6/group). *** p< 0.001 vs V/V males. At PND84, 
F/V and F/F had lower %OAT than V/V and females had higher %OAT than males. At PND112, females had higher %OAT and %OAE than 
males. Data are mean ± standard deviation 
 
    %OAE  %OAT 

    PND28 PND56 PND84 PND112 PND28 PND56 PND84 PND112 

Male V/V 27±6 
62±8 

27±6 
67.21±6.23 

22±7 
59.8±8.16 

11±5 
35.78±15.32 

104±24 
34.7±7.99 

123±31 
40.99±10.36 

122±43 
40.57±14.46 

46±32 
15.32±10.52 

V/F 23±6 
58±6 

23±6 
64.31±7.09 

22±7 
64.64±8.27 

14±5 
43.85±15.64 

115±35 
38.44±11.6 

131±20 
43.61±6.57 

117±42 
39.08±13.96 

77±41 
25.6±13.56 

 

 

F/V 17±5 
47±11 

23±12 
56±11.83 

22±6 
56.55±1.47 

19±9 
55.66±4.72 

100±21 
33.47±7.15 

75±24 
24.96±7.88*** 

84±19 
27.88±6.2 

68±23 
22.71±7.76 

F/F 27±6 
58±10 

23±5 
53.86±7.43 

21±3 
50.88±7.11 

14±7 
43.89±19.01 

92±33 
30.59±11.06 

70±9 
23.41±2.94*** 

93±17 
30.97±5.55 

59±40 
19.76±13.3 

          

Female V/V 19±8 
53±11 

23±4 
57.93±6.93 

23±7 
65.68±9.3 

24±9 
56.57±10.02 

101±38 
33.67±12.68 

107±22 
35.58±7.19 

144±39 
48.15±13.06 

89±63 
29.78±20.92 

 V/F 18±4 
48±9 

23±5 
57.54±3.65 

22±3 
53.44±8.07 

21±10 
57.93±10.19 

84±22 
28.11±7.36 

112±22 
37.38±7.35 

131±15 
43.72±5.06 

111±9 
37.15±3.04 

 F/V 22±4 
59±14 

22±7 
63.11±5.76 

24±11 
57.16±6.3 

18±9 
52.57±11.86 

116±39 
38.77±12.97 

116±27 
38.69±9.12 

118±35 
39.48±11.63 

98±18 
32.77±5.98 

 F/F 24±6 
51±7 

24±5 
55.97±9.56 

17±6 
56.96±17.28 

13±3 
44.43±10.33 

121±20 
40.29±6.61 

108±21 
35.95±6.97 

113±27 
37.54±8.86 

71±28 
23.65±9.32 
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Table A35: Effects of in utero and/or neonatal exposure to fluoxetine (FLX) on distance moved (cm) in the open field at PND28, 56 or 84 
(n=6/group). Females had higher locomotor activity than males at PND56 and 84. Data are mean ± standard deviation 
 
    Distance moved 

    PND28 PND56 PND84 

Male V/V 1960±247 2865±471 2362±461 

V/F 1717±363 2818±285 2580±147 

 

 

F/V 1790±559 2675±439 2499±548 

F/F 1976±420 2354±390 2126±468 

     
Female V/V 1838±284 3023±463 2639±356 

 V/F 1808±698 3087±471 2882±190 

 F/V 2020±545 3229±390 2699±250 

 F/F 1460±603 2921±318 2287±442 

 
Table A36: Effects of in utero and/or neonatal exposure to fluoxetine (FLX) on path length (cm), swim speed (cm/s), time taken to find the 
platform (s) and percentage time spent in the southwest quadrant in the probe trial in the Morris water maze (n=6/group). Data are mean ± 
standard deviation 
 
    Path length Swim speed Time to Platform % time SW 

    Day 1 Day 2 Day 4 Day 1 Day 2 Day 4 Day 1 Day 2 Day 3 Day 4  

Male V/V 2184±548 1775±519 799±595 30±2 31±2 28±4 74±21 59±20 29±12 26±17 34±9 

V/F 2163±406 1383±954 931±737 25±3 26±5 27±7 85±22 48±29 49±31 32±19 41±7 

 

 

F/V 2837±802 1491±1001 1078±554 30±5 29±4 29±4 95±24 52±36 51±35 37±21 33±12 

F/F 2043±635 1578±632 817±457 32±4 30±3 25±5 66±19 52±20 36±21 35±26 32±9 

             
Female V/V 2126±714 2073±559 955±599 31±4 34±5 28±6 65±20 62±20 46±27 33±19 39±7 

 V/F 2107±788 1824±752 1228±770 29±5 32±6 31±4 76±33 62±33 46±14 38±22 34±5 

 F/V 1928±546 1283±456 1172±648 32±5 30±6 30±6 61±12 41±14 27±6 37±16 34±10 

 F/F 2765±928 2117±995 1403±1551 33±5 32±8 31±9 83±22 68±29 61±32 47±41 31±10 
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Table A37: Effects of neonatal exposure to amitriptyline (AMI), fluoxetine (FLX) or clomipramine (CMI) on body weight (g) in the neonatal 
period (n=16/group). ** p≤ 0.01 and p≤ 0.001 vs control males; ++ p≤ 0.01 and +++ p≤ 0.001 vs control females. Data are mean ± standard 
deviation 
 
   PND8 PND11 PND15 PND18 PND21 PND28 

Male Control  14±1.5 20±1.9 27±2.6 31±2.7 38±3.1 52±9 

 AMI  15±1.4 18±1.5 24±2*** 28±1.9*** 35±2.7*** 50±7 

 FLX 13±1 18±1.5 24±1.6*** 28±1.9*** 33±2.4*** 50±7.1 

 CMI 13±1.6 18±1.6** 23±1.7*** 27±1.9*** 32±2.8*** 49±6.2 

        

Female Control  13±1.3 18±1.7 26±1.7 30±2.1 37±3.5 54±8.3 

 AMI  13±1.3 17±1.5 23±1.9++ 27±1.9+++ 33±2.8+++ 47±8.4 

 FLX 13±1.4 19±1.9 24±2.5++ 29±2.8+++ 33±3.7+++ 48±7.9 

 CMI 13±1.4 17±1.8 23±2.4++ 26±2.9+++ 32±3.6+++ 50±5.2 

 
Table A38: Effects of neonatal exposure to amitriptyline (AMI), fluoxetine (FLX) or clomipramine (CMI) on body weight (g) in adolescence 
and adulthood (n=13-16/group). Data are mean ± standard deviation.   
 
    PND35 PND42 PND49 PND56 PND63 PND70 PND77 PND84 

Male 
 

Control (n=16) 87±13 132±15 153±16 233±30 293±23 334±24 369±28 405±31 

AMI (n=16)  82±12 125±15 158±13 224±18 276±19 318±20 357±21 389±29 

 FLX (n=16) 85±13 129±19 156±17 234±27 287±32 326±35 359±36 385±36 

 CMI (n=16) 84±11 126±15 154±15 220±24 273±27 314±30 352±35 389±39 

          

Female 
 

Control (n=16)  87±13 125±15 157±13 186±14 213±14 235±16.3 252±20 268±22 

AMI (n=16)  79±13 117±15 156±14 187±15 213±17 234±16.4 251±38 267±16 

 FLX (n=16) 79±11 117±14 153±17 184±19 211±22 232±23.1 251±25 269±29 

 CMI (n=16) 83±8 125±13 151±18 181±20 207±24 228±27.3 243±28 262±30 
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Table A39: Effects of neonatal exposure to amitriptyline (AMI), fluoxetine (FLX) or clomipramine (CMI) on entries into and time spent (s) in 
the open arms of the elevated plus maze (top rows) and percentage values of each (bottom rows) at PND56 or 84 (n=8/group). There was an 
overall drug effect at PND56, as CMI-treated rats had higher %OAT. Data are mean ± standard deviation 
 
    %OAE %OAT 

    PND56 PND84 PND56 PND84 

Male 
 

Control 

 

18±3 
60±8 

23±7 
59±9 

71±19 
24±6 

80±35 
27±12 

AMI 15±5 
53±8 

21±7 
59±1 

82±33 
28±11 

73±36 
24±12 

 FLX 17±5 
59±6 

22±5 
56±7 

81±23 
27±8 

85±19 
28±6 

 CMI 17±5 
57±10 

19±3 
58±5 

115±37 
38±13 

112±26 
37±9 

      

Female 
 

Control  18±7 
55±13 

24±9 
58±13 

96±37 
32±12 

92±77 
31±12 

AMI 19±5 
52±6 

19±6 
60±8 

82±12 
27±4 

110±18 
37±6 

 FLX 21±3 
58±8 

19±5 
55±12 

87±31 
29±10 

77±44 
26±15 

 CMI 22±4 
58±7 

23±7 
62±11 

121±24 
40±8 

103±19 
34±6 
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Table A40: Effects of neonatal exposure to amitriptyline (AMI), fluoxetine (FLX) or clomipramine (CMI) on distance moved (cm) in the open 
field at PND56 or 84 (n=7-8/group). Data are mean ± standard deviation 
 
    PND56 PND84 

Male 
 

Control 2230±456 1682±424 

AMI  2248±679 1996±1259 

 FLX 1731±507 1254±546 

 CMI 1970±476 1540±933 

    
Female 
 

Control  2621±407 1969±541 

AMI  2233±953 1988±1076 

 FLX  2103±569 1261±615 

 CMI 2257±717 1746±607 

 
Table A41: Effects of neonatal exposure to amitriptyline (AMI), fluoxetine (FLX) or clomipramine (CMI) on time taken to find the platform (s) 
over acquisition days 1-4 and percentage time spent in the southwest quadrant in the probe trial in the Morris water maze (n=4-6/group). Data 
are mean ± standard deviation 
 
    Time to Platform % time SW 

    Day 1 Day 2 Day 3 Day 4  

Male 
 

Control 79±27 43±26 47±23 36±33 31±5 

AMI 83±17 60±26 37±21 36±15 32±16 

 FLX 87±22 46±16 46±18 29±12 38±8 

 CMI 72±24 60±24 46±27 36±26 30±9 

       

Female 
 

Control 93±25 47±18 53±23 32±22 37±10 

AMI  66±12 50±17 47±19 34±15 40±6 

 FLX  80±13 42±7 28±8 41±17 31±4 

 CMI  70±19 56±20 46±12 36±18 25±8 

 


